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  The goal of this project is to investigate fabrication approaches and structure-
property relationships of porous and flexible hierarchical hybrid solids suitable for 
advanced surface-active devices. Multi-scale hierarchical carbon materials are 
being fabricated by strong covalent attachment of multiwall carbon 
nanotube(MWCNTs) arrays on flexible carbon fabric substrates in order to 
enhance the surface area per unit volume. This was done using chemical vapor 
deposition (CVD) after functionalizing the surface with a plasma-derived nano-
oxide coating. Structural and chemical characterization is performed using 
scanning electron microscope(SEM), energy dispersive spectroscopy(EDS) and x-
ray photoelectron spectroscopy(XPS). Surface area estimates have been made by 
building structural models from Electron Microscopy data and subsequently 
validated with direct measurement with BET isotherm analyses. It is seen that 
calculated specific surface area (SSA) of the material via mass increase during the 
CVD process is in good agreement with BET gas adsorption measurement of the 
SSA. 
 iv 
It has been shown that further modification of these surfaces is very effective for 
tailoring their wettability for selective infiltration of different fluids.  These 
structures have been infiltrated with responsive polymers such as Poly(N-
isopropylacrylamide(PNIPAM)s to fabricate smart stimuli-responsive composites. 
  In addition, palladium nanoparticles(PdNPs) have been attached onto the 
nanotube carpets. Particle distribution, size variation, and structures have be 
investigated using Scanning Electron Microscopy (SEM) & Energy Dispersive 
Spectroscopy (EDS). X-ray photo spectroscopy (XPS) was employed for bonding 
state analysis.  
  In-depth understanding of catalytic behavior of these hybrid nanocatalysts 
(Fabric-CNT-Pd system) has been performed by investigating the catalytic 
reduction of a model water contaminant triclosan(TCS).  The reaction rates, 
efficiency, and durability have been studied using High Performance Liquid 
Chromatography (HPLC) and Mass Spectroscopy (MS). Results clearly show 
unprecedented chemical reduction rates of TCS, implying that PdNPs on these 
hierarchical porous materials have application potential in next generation nano 
catalysts suitable for water purification devices.   
 v 
  Additionally, few preliminary studies have been performed in collaboration with 
other groups to understand the broader applicability of these materials. These 
include growth of biological cells for enhanced cell differentiation on these 
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Chapter 1: Introduction and Background  
1.1 Introduction 
As the exploration of science and technology expands, these days, scientists and 
engineers are looking for a wide variety of methods to deliberately create materials 
at the nanoscale with advantageous and enhanced properties. Carbon, as one of the 
most abundant element in the universe, is playing a key role in nanomaterial, it has 
a wide range of molecular structures and orbit characteristics (sp, sp2, sp3 
hybridization), its allotropes have quite different properties. Novel carbon 
nanomaterials are being discovered and synthesized, such as carbon nanotube, 
fullerene, graphene, nanodiamond etc, are with great research interest. No other 
element is like carbon, as a sole element, is able to form numerous materials with 
distinct structures and properties. In another word, carbon material itself has 
almost included all properties of other material owns, it can vary from soft 
graphite to hard diamond; it can be an electrical insulator or a conductor, even a 
semiconductor; it can be a thermal conducting or insulating, last but not least, it 
can be light-absorbing or transparent. Therefore, carbon is showing a promising 
capability in nanotechnology field.  
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Surface plays an important role in nanomaterial applications, surface is where 
material itself interacts with the surroundings. High specific surface area(SSA) 
will be able to increase the effectiveness and efficiency of a materials due to the 
available active spots of the material. Therefore, SSA enhancement will be crucial 
for the performance of the material. There are various ways to achieve higher SSA, 
cutting down of the solids, or introducing porosity [1, 2]. Either method has its 
pros and cons. Cutting down solids is able to make solids in form of small 
particles, powders etc, but agglomeration or handling issues may become a 
limitation. Extra porosity of the material will definitely increase its SSA while 
maintaining its original shape, however, mechanical property loss will pull back 
the further usage of the material. A solution of this is to introduce hierarchy in 
materials using advanced nano-scale synthetic technology. Inspired from naturally 
existed hierarchical structure, this kind of structure can be found from biological 
system to environmental system, such as human dendrite, tree roots etc. [3, 4] 
Multi-scale hierarchical materials based on porous supports have been proved to 
be very useful in a large number of applications due to their unique 
surface/volume ratio combined with carefully controlled chemistry [5].  The goal 
of this dissertation is to investigate fabrication and properties of this type of 
architecture on carbon fiber cloth, which opens up the possibility of adapting this 
 3 
architecture in a larger variety of flexible and durable devices. In this case, 
multiwalled-carbon nanotubes(MWCNTs) are grafted onto the carbon fiber cloth, 
which will not only increase the SSA of the material, but also avoid the potential 
risk of loose nanomaterials, which are difficult to handle and may pose 
environmental hazard. After the hierarchical material was formed, based on the 
surface condition, precisely designed modification is done in order to enhance the 
potential application for green chemistry [6], electrical properties [7] and nano-




1.2 Research Aim and Scope 
  This dissertation is intended to identify flexible porous carbon support for CNT 
grafting, in order to create hierarchical structures, this synthesized hybrid material 
will be used for further catalytic degradation of aqueous organic pollutant. Main 
objectives are listed below: 
➢ Synthesis and characterization of CNT grafted CFC hybrid material, 
investigate the details of surface area change by employing different 
methods, which includes mathematical model and experimental approach. 
➢ Surface wettability tuning of different material surface 
➢ Surface functionalization and optimization of hybrid material with metallic 
nanoparticles. 
➢ Investigation of surface functionalization on environmental remediation 
and catalytic degradation of emerging contaminant in water. 
➢ Preliminary study hierarchical carbon material for broader application, 
which includes stimuli – responsive polymer incorporation and its 




1.3 Porous Carbon Supports 
1.3.1 Reticulated Vitreous Carbon foams 
  Reticulated carbon foams are typically fabricated from the pyrolysis of 
thermosetting polymer foam, resulting in skeleton or vitreous carbon struts. 
Reticulated vitreous carbon foams (RVC foams) selected in this study were 
provided by Ultramet Inc. As shown in Fig. 1.1. Reticulated foam is made up of 
predominantly amorphous carbon, light weight, fragile, and 3D networking with 








Figure 1. 1 RVC foam as received a) physical appearance b) microstructure 






Table 1. 1 Material properties of reticulated vitreous carbon (RVC) foam 
Physical Properties RVC foam 
Porosity (%) 97 
density (g/cc) 0.045 
compressive strength at 20 oC (kpa) 762 (ultimate) 
Electrical resistivity (Ω cm) 0.75 
thermal conductivity at 200 oC 
(W/mK) 
0.085 




1.3.2 Carbon Fiber Cloth 
  Carbon fiber cloth (CFC or CFC), is a fibrous material mostly (usually over 90% 
or 95%) composed of carbon atoms with high strength and high modulus.  In 
general, CFCs have an average diameter of 5-10 micrometer, in application, they 
are usually bundled together to form a tow or woven into fabric. CFC has very 
advantageous properties such as high thermostability, anti-corrosion, good thermal 
and electrical conductivity and easiness of processing, etc., makes it a modern 
functional fiber material in the 21st century, its unique fibrous nature has decided 
its applications in aerospace, construction, medical and electronics etc. The CFC 
selected in this study were obtained from HEXCEL®, HexForce® ACGP206-P. 











Figure 1. 2 Carbon fiber cloth as received a) physical appearance b) 






Table 1. 2 Material properties of carbon fiber cloth (CFC) 
Properties Carbon Fabric 
Weave Plain 
fill yarn/ warp yarn AS4CGP 3K / AS4CGP 3K 
weight (g/m2) 205 
tensile strength (ksi) 647 
tensile modulus (msi) 33.5 




1.4 Carbon Nanotube 
CNT is an allotrope of carbon, it has a standard layered structure, similar to 
graphite, besides, it is also a special one dimensional hollow structured 
nanomaterial, with a nano-scaled dimension at radial direction, but at axial 
direction, length of CNT is usually in mm or even in meters, depends on the 
synthesis condition [36]. Same as graphite, CNT carbon atoms are bonding with 
adjacent three carbon atoms via sp2 hybridization, forming an in-plane hexagonal 
networking pattern. Since carbon has 4 valent electrons, the 4th valence electron is 
forming a perpendicular out of plane bond through weak Van der Waals force, 
resulting a 0.34nm distance at the interlayer(radial) direction [10], [11]. This 
molecular structure makes CNT highly anisotropic.  Since its discovery in 1991 
[12], there are two major types of CNTs, single wall CNT (SWCNT) and multi-
wall CNT (MWCNT), shown in Fig.1.3. Endo et al. showed the first set of SWNT 
and MWNT in HRTEM images [13]. As the attention increases, soon, CNTs are 
synthesized using a variety of techniques such as arc-discharge, laser ablation, 
pyrolysis, electrolysis and chemical vapor deposition (CVD) [14-20] etc. This 
research focused on CVD method (more detail in Chapter 2) to grow MWCNTs. 
Several articles have reported theoretical calculations of CNT properties, and it 
was predicted that SWCNTs had metallic or semi-metallic properties based on 
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tube chirality but MWCNT were only metallic [7], [21]. CNTs were mechanically 
tested and the results demonstrated that both SWCNTs and MWCNTs are able to 
achieve as high as 1TPa young’s modulus, which is almost 100 times than steel 
[37]. From these preliminary studies, CNTs soon started to attract research 
attention and became a popular research field. Theoretically, the CNT network 
pattern should maintain hexagonal and cylindrical in axial direction, however, 
some research conducted on CNT morphology studies showed there is existence 
of T, L, Y or coil-shaped CNTs [22-25]. Mauricio et al, showed the bending in 
CNTs, or the appearance of non-cylindrical CNTs are attributed to the surface 
defects such as pentagon and heptagon shaped rings replacing the hexagonal ring, 
while pentagon location would create concave, heptagon would form convex [26, 
38]. CNTs are unique due to their high aspect ratio, hollow-structure, high tensile 
strength, and their electrically and thermally conductivity [27-29]. Utilizing one or 
more factors of CNT will make itself feasible in various applications such as gas 
storage [30], field emission sources [31], supercapacitors [32], chemical and bio-
sensors [33,34], composites [35], and more. It is important to understand CNT 
growth mechanism and pattern, as well as the correspondent tailoring for property 
control. The following chapter is aiming to find out the connections between 
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growth parameters and resulting CNT morphology, which will be suitable for 




single wall CNT   double wall CNT 




1.4.1 Physical Properties of CNTs 
1.4.2.1 Mechanical Properties of CNT 
  CNTs have superior mechanical properties. CNTs have a tensile strength up to 
200 GPa, which is over 100 times of steel, but the density of CNTs, is only one 
sixth of steel. Elastic modulus is a basic measurement of mechanical property of a 
material. Treacy et al accomplished the earlier studies, by recording the vibration 
amplitude of CNTs after heated them up with electron beam [39]. Wong et al 
found out the MWCNT were twice as stiff as SiC nanorod via Atomic force 
microscopy (AFM) [40]. A lot of research have shown that the young’s modulus 
of CNTs could be over 1 TPa, which is comparable with diamond [37, 41, 42]. 
This nature of CNT makes itself an excellent candidate for lightweight structural 
material. 
1.4.2.2 Electrical Properties of CNT 
  Electron movement inside in CNTs is isotropic, it moves along the axial direction 
only. This in-plane free to move phenomenon is a characteristic property of 
conjugated electrons (delocalized π bond) at quantum level. Further studies 
showed the existence of Fermi point in CNTs, but it only exists in specific types of 
CNTs [43,44]. As known, there are major three types of CNTs according to its 
chirality: zigzag, armchair and chiral, it was proven that all armchair CNTs are 
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metallic, otherwise semiconducting [45-48]. Chen et al had realized the separation 
of metallic and semiconducting CNT, which are favored by different electronics 
depending on its application [49, 50].   
1.4.2.3 Magnetic Properties of CNT 
  Magnetic properties of CNTs are unique. Ajiki et al found out that while CNTs 
were positioned perpendicular in the magnetic field, the change of magnetic field 
strength would alter the band gap of CNTs, meanwhile, the periodic change of 
magnetic field was able to induce band cap of CNT change periodically [51]. By 
introducing ferromagnetic metal particles onto or into the CNTs, CNTs will be 
possible used for applications in areas such as magnetic recording and biomedical 
fields [52, 53, 54].  
1.4.2.4 Adsorption Properties of CNT 
  Adsorption is a physical phenomenon happens on the surface of a solid, usually, 
surface properties between the adsorbate gas and correspondent adsorbent solid 
are strongly related for adsorption process.  CNTs have unique hollow tubular 
shaped structure, as well as high specific surface area (SSA), etc. Those properties 
have determined CNTs exceedingly good adsorption capabilities [55, 56, 57]. For 
the nano scale adsorption mechanism, the current well accepted concept is that the 
adsorption of CNTs are mainly because of the hydroxyl group on the CNT surface. 
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Recently, research have shown the adsorption can be achieved not only on 
SWCNTs, as well as MWCNTs. With tunable hydrophilicity and hydrophobicity, 
low density, chemical stability, CNTs could be used in a range of adsorption 
process including inorganic, organic and microorganism fields [58-62]. 
1.4.1.5 Thermal Properties of CNT 
  All CNTs are expected to be good thermal conductors along the axial direction, 
but limited heat exchange ability perpendicular to the axis [63].  Pop et al reported 
that the conductivity of SWCNTs is nearly 3500 Wm-1K-1 at room temperature, 
almost ten times as high as copper [64]. It is reported the thermal conductance in 
CNT is governed by phonons, therefore crystallographic defects will strongly 
affect the CNT’s thermal since such defects will cause phonon to scatter [65, 66]. 
Quiton et al from our group investigated the thermal performance of MWCNTs on 
solid surface as interface material and established the relationship between CNT 
morphology and thermal resistance [67]. 
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1.4.2 CNT Synthesis Techniques  
  Various of techniques are employed for CNT synthesis, which includes arc 
discharge [68], laser ablation [69,70], chemical vapor deposition (CVD) [71] and 
catalytic decomposition of hydrocarbons etc [72]. 
1.4.2.1 Arc Discharge 
  Arc discharge was the early most method used to synthesize CNTs. In this 
method, a low-pressure chamber was filled with inert gas, hydrogen (or other 
hydrogen gaseous source), DC current was used to produce arc between two 
electrodes kept at certain distance (usually 1mm), the anode was a graphite 
electrode with catalyst, the cathode was pure graphite. During the process, arc will 
vaporize the anode graphite, and CNT are deposited onto the cathode. This method 
usually produces MWCNTs.   
1.4.2.2 Laser Ablation 
  Laser ablation is the method used for SWCNTs synthesis. This method is 
operated below 1200 oC, with inert gas atmosphere (usually helium), high energy 
CO2 or neodymium-doped yttrium aluminum garnet (Nd:YAG) laser was used to 
vaporize high purity graphite. Yudasaka et al reported the choice of catalyst will 
eventually affect the yield of CNT [73], meanwhile the alloy (such as Ni-Co alloy) 
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will improve the yield of SWCNTs by 10 to 100-fold comparing with single 
catalyst.  
1.4.2.3 Chemical Vapor Deposition (CVD) 
  CVD method is the technique for CNT decoration on given support material. It is 
widely used method due to its advantages in high yield, simple instrumentation, 
cost effectiveness, easy to produce. However, this method may induce defects or 
impurities during the process, purification may be needed [74]. CVD method 
utilizes either gas/ liquid hydrocarbons as carbon source, transition metal as 
catalyst. Researchers had found out the catalyst has huge impact on the CNT 
structure [75-78]. Barney I.T and Karumuri A. had reported that the growth of 
CNT on predefined surface requires a silica buffer layer [79, 80], Mukhopadhyay 
et.al. successfully deposited a SiO2 buffer layer onto flat graphite surface using a 
plasma enhanced chemical vapor deposition (PECVD) [81], followed with a 
floating catalyst thermal CVD for CNT fabrication. This dissertation focuses on 
the CVD method to prepare aligned MWCNTs on a flexible carbon support 
substrate, detailed information will be discussed in chapter 2. 
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1.4.3 Applications of Carbon Nanotubes 
1.4.3.1 Electronics  
  Electrons inside CNTs are able to move only along the axial direction, which 
makes the CNT resistivity along the longitudinal direction is way smaller than that 
along the radial direction [82]. As discussed earlier, CNT has either metallic or 
semiconducting properties according to its chirality [7, 83], armchair SWCNT has 
similar conductivity as metals, while zigzag SWCNT behaves like semiconductors. 
CNT have high curvature at the tip, in combination with the good conductivity, 
CNT tip is able to create strong local electric field at the tip, which enables itself 
as a good field emitter when the tip is closed, especially MWCNTs [84]. Moreover, 
Tans et al reported by introducing defects into SWCNTs, SWCNTs can behave 
like a molecular diode [85]. 
1.4.3.2 Sensor 
  At room temperature, CNT has high response rate, high sensitivity and 
reversibility makes itself an outstanding micro chemical sensor [89-92]. While 
adsorption process happens CNT walls, its electrical signal (conductivity) will 
change vastly, for example, NO2 gas is able to increase conductivity while NH3 
adsorption decreases its conductivity. which makes a good gas sensor. Besides, 
CNTs have explored its potential application in biomedicine and biosensing. 
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Especially, CNTs can function as bio-scaffolds for cell or tissue molecules 
immobilization onto their surface, followed by an electrical signal conversion 
connected with the recognition of analytes [93-96]. CNTs’ physicochemical 
properties have huge impact on improving biosensing sensitivity and stability, 
Weizmann et al reported a hybrid biocatalyzed CNT device able to be used for 
DNA detection at the femtomolar level, as a potential Ebola virus detector [97].  
1.4.3.3 Composite  
  CNT is called the new generation “super fiber material” due to excellent 
mechanical properties, as well as large aspect ratio [98]. Additionally, CNTs also 
maintain other excellent natures, for example, CNTs can be as flexible as carbon 
fibers, as conductive as metals both electrically and thermally, as anti-corrosive as 
ceramic materials, therefore, CNT is a good candidate as an ideal reinforcement 
material for composite. Currently, there are three major field using CNT as 
composite additives: CNT – metal matrix composite (MMC), CNT-Polymer 
matrix composite (PMC) and CNT – Ceramic matrix composite (CMC) [99-101]. 
By combing the advantages of different materials, CNTs reinforced composite has 
been applied into many research areas or even industrialized, such as electronics, 
super conductive material, super capacitors, biomedicine and the list goes on.   
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 1.4.3.3 Hydrogen Storage  
  With the increasing urge for environment protection, green energy research has 
attracted more and more attention. Hydrogen fuel is a zero-emission fuel with 
extremely high energy density, in its application, hydrogen storage is the biggest 
hump. CNTs as a novel hydrogen storage material shows in atmosphere 
environment, stored hydrogen can be released out reversibly from the CNT, which 
is highly valuable [86, 87], besides, those repeatable storing and releasing actions 
wont deteriorate its storage capability. Therefore, in the fuel cell system, CNTs 
could act as a substitute of high pressure hydrogen container, which is very 
promising for electric automobile industry [88]. 
1.4.3.5 Catalyst Support 
  With high specific surface area (SSA), as well as unique cavity structure and 
adsorption property [103], in addition, CNTs are strong and thermally stable, 
therefore, CNTs can be used as catalysts and catalyst supports, and presented a 
higher catalytic activity [102]. By introducing certain surface modification, a 
variety of functional group can be introduced, hence its catalytic activity will be 
further enhanced, this dissertation discussed its capabilities as pallidum 
nanoparticle support, according to its superior hydrogen storage property, CNTs 
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can be used as catalyst support for hydrogenation, dehydrogenation reactions etc, 
detailed information is discussed in the latter chapter. 
1.4.3.6 Biomedical application 
  Since CNTs discovery in 1991, medical research from both academia and 
industrial field were trying to make CNTs feasible in various applications such as 
genetic therapy, therapeutic drug delivery, bio-sensing, orthotics, diagnostics, 
immunotherapy etc. [104 -107]. Wong et al firstly used AFM with CNT tips to 
investigate amyloid- 𝜷 fibrils of Alzheimer’s disease in 1998 [108]. Due to their 
small dimension, lightweight and ultra-high surface area, CNTs are able to 
function as an excellent carrier for drug delivery [109]. As the research of the 
applications of CNT in biomedical and pharmaceutical expands, bio-compatibility 
and cytotoxicity of CNT are brought onto the table. Studies have shown that there 
are couple factors determine the toxicity of CNT including CNT dimension, purity 
and functionalization, by tuning those parameters, CNT toxicity could be 
minimized for clinic use [110, 111, 112]. Since CNTs are electrical conductive, 
Mattson et al firstly reported the successful growth of neurons on surface modified 
MWCNTs, which opened the door for the nanotubes as cell growth substrate [113]. 
Sequentially, Zanello et al successfully used MWCNT as scaffold material for 
osteoblast proliferation [114]. Additionally, CNT has proven itself a 
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biocompatible candidate for gene therapy, Anderson et al demonstrated SWCNT 
as an effective RNA carriers for gene therapy of pancreatic cancer [115]. CNT has 












1.5 Characterization Techniques 
1.5.1 Scanning Electron Microscopy (SEM) 
  Scanning Electron Microscope (SEM), invented by Manfred von Ardenne, is a 
type of electron microscope that produces images of sample surface by scanning it 
with finely focused electron beam. Through the interactions between the electron 
beam and the sample, secondary electrons are excited and emitted from the surface, 
those secondary electrons carry various of physical information. By collecting, 
magnification, image reforming of those information, microstructural morphology 
characterization of the material is accomplished. For this study, JEOL 7401F Field 
Emission Scanning Electron Microscope (FE-SEM) was used to capture SEM 
images using secondary and backscatter modes. 
  
1.5.2 X-ray Diffraction (XRD) 
  X ray diffraction (XRD) is a nondestructive characterization technique for 
material crystallography, chemical composition and phase analysis. When a 
monochromized incident x-ray enters a crystal, it will be diffracted into many 
specific directions after interacts with the atoms in lattice. The direction and 
intensity of the diffraction line is strongly related to the crystalline structure, 
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diffraction pattern of each crystal represents its atomic distribution. In this study, 
PANalytical XPert PRO diffractometer was used to collect sample XRD pattern 
using Cu as anode material.   
 
1.5.3 Energy Dispersive X-ray Spectroscopy (EDS) 
  Energy-dispersive X-ray spectroscopy (EDS, EDXS) is an analytical technique 
allowing the elemental composition of a specimen to be measured. Main principle 
of this technique is that an incident electron beam will excite an electron from the 
inner electron shell, and leaves a hole, the outer shell electron will fulfill the hole 
and simultaneously releases the energy different in form of X-ray. The energy of 
this X-ray is measured, since the energy difference between two shells are related 
to the nature of the emitting element atomic structure, corresponding element is 
addressed. As an elemental analysis tool, low resolution and the low accuracy of 
light element is limiting its usage, where supplementary analysis is needed [116]. 
In this study, Ametek Inc EDS system was used in conjunction with JEOL FE-
SEM. 
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1.5.4 X-ray Photoelectron Spectroscopy (XPS) 
  X-ray photoelectron spectroscopy (XPS), also called Electron spectroscopy for 
Chemical Analysis (ESCA), is a technique used for quantitative analysis of 
elemental composition, chemical state and bonding state of elements on the 
surface of a material. It is a surface sensitive technique, thus the analysis is limited 
only probe into the near surface depth (depends on the instrument, usually less 
than 10 nm). This technique uses x-ray to irradiate sample surface, excites and 
emit the inner shell electron of an atom. Each atom produces a characteristic 
binding energy value, meanwhile, there is chemical shift of the atom if chemical 
configuration changes even the same atom existing in different molecules, 
therefore the XPS is a powerful technique for detailed surface chemistry analysis. 
  In this study, XPS analysis was conducted via a Kratos (Axis Ultra) system using 
mono-chromatized Al Kα (1486.6 eV) as x-ray source, all analysis was performed 
in ultra-high vacuum environment (UHV∼10−9 torr). Acquired spectra was 
processed via Casa XPS software (Casa Software Ltd, V2.3.15) 
 
1.5.5 Brunauer-Emmett-Teller Surface Area Analysis (BET) 
  Brunauer–Emmett–Teller (BET) theory is a theory correlates the physisorption of 
gas molecules on a solid material surface to the specific surface area (SSA) of the 
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material [117]. In this analysis, Quantachrome NOVA 2200e series was used for 
the BET surface area analysis, employing nitrogen as adsorbate, liquid nitrogen 
was used to maintain the temperature of the analysis (77 K). Standard BET 
adsorption/desorption isotherm was shown in Fig. 1.4, adsorption process is to 
stick the gas molecules onto the surface of solid, all available sites on the sample 
was equally, with increasing pressure, the gas adsorption increases 
correspondingly. When the adsorption finishes, the desorption process will start, 





Figure 1. 4 . Standard BET adsorption/desorption isotherm of a) carbon fiber 
cloth (CFC), b) CNT grafted CFC hybrid material 
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1.5.6 High Performance Liquid Chromatography (HPLC) 
  High-performance liquid chromatography (HPLC; also named as high-pressure 
liquid chromatography) is an analytical technique used for separation, 
qualification and quantification of a sample mixture in a solvent. In the operation, 
analyte is injected into the stream of mobile phase, which is usually a miscible 
combination of water and organic solvent. The mixed mobile phase will move 
toward a definite direction through a column. Inside the column there is stationary 
phase immobilized on the support particles, or on the inner wall of the column 
tube. Based on the affinity of the mobile phase and stationary phase, each 
component inside the analyte will move at different velocities, therefore each 
component of the analyte will be pass through (or stay inside) the column at 
different time period, which is called retention time. The retention time is the time 
for a particular analyte to pass through the column and reach the detector under 
certain conditions (elusion strength, pressure, etc), it represents the intermolecular 
interaction(affinity) between the components in mobile phase (analyte) and the 
stationary phase. In this study, HPLC system used was Waters Micromass Quattro 
Micro equipped with a mass spectrometer for liquid chromatography (LC-MS) and 
an auto sampler, column used was Waters Xselect CSH C18 3.5 um, 4.6x50 mm. 
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Since HPLC method is tuned based on the particular chemical, detailed HPLC 
method for this study is shown in Appendix A.  
1.5.7 Transmission electron microscopy (TEM) 
  Transmission electron microscopy (TEM) is another electron microscopy 
technique. In comparison with SEM, TEM incident electron beam is passing 
through the sample to form an image. In general, TEM is capable of imaging a 
significantly higher resolution and magnification, makes it an essential 
characterization tool for nanomaterial and nanotechnology. In this study, Thermo 
Scientific™ Talos™ F200X Field Emission Scanning Transmission Electron 
Microscope was used for analysis.  









Chapter 2 Hierarchical hybrid solids: nanotube carpets on porous substrates 
2.1 Introduction 
  Many engineering applications rely on interactions between solid and fluid 
phases, and the capability of the engineering device is determined by the available 
surface area that interacts with the fluid phase. Nanoscale materials provide 
significant advantage of large specific surface area, but lack the structural integrity 
and pose potential environmental problems due to rapid proliferation and ingestion 
[118]. Introducing pores or defects on the larger solids therefore increase their 
surface area availability, but predictably, this method is also limited by the loss of 
mechanical strength [119] with increasing porosity. In many naturally occurring 
bio-materials such as capillaries, dendrite roots and microvilli, this issue is 
addressed by the use of hierarchical surface architectures where the larger solid 
scaffold is enriched with progressively smaller functional components that interact 
with their surrounding fluids such as air, water, or bio-fluids [120,121]. In recent 
years, many researchers as well as our group have been investigating this approach 
by engineering hierarchically structured solids that comprise a bulk supporting 
material and strongly bonded arrays of nanotubes and nanoparticles [122-127]. 
  This approach of creating hierarchical solids can be very powerful because 
substrate materials can be selected based on physical (flexible/rigid, thick/thin, 
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permeable/impermeable) or chemical needs(inert/active, hydrophilic/hydrophobic), 
their surface area increased by several orders of magnitude by attaching nanotube 
arrays as needed.  However, it is grossly under-utilized in the design of engineered 
materials due to interfacial control challenges.  The growth of vertically-aligned 
CNT on flat model substrates like silicon or alumina has been reported [128-130], 
but the growth of vertically-aligned CNT on porous structure has received 
minimal attention. Few studies for growing CNT on such porous structures have 
been limited to metal or oxide foams [131,132]. In one isolated study, “hairy foam 
structures” were reported, which demonstrates synthesis of carbon nanofibers on 
nickel-catalyst coated carbon foam structures [133].  
  Recently, a series of systematic investigations has been reported by our team 
[134-138], where CNT were grown on porous substrates of different geometries 
and compositions after a plasma-enhanced nanoscale oxide layer (silica) was used 
to activate them [134,139]. These materials were seen to be durable and effective 
in a wide range of applications ranging from composite enhancement [140,141] to 
adsorption [142], catalysis [102], electrochemistry [143], biodegradation [144] and 
bio-sensing/bio-scaffolding [145,146].   
  Whereas significant improvement in useful properties is clearly demonstrated in 
the above publications, control and scale-up of these materials for large scale 
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applications will need in-depth understanding of processing-structure-property 
relationships of the CNT carpet on substrates.  It is important to investigate how 
these nano-features permeate through inner pores, what types of morphology they 
will have and how much useful surface area they add for different applications.    
The goal of this chapter is to focus on such issues specific to three-dimensional 
carbon substrates having open interconnected porosity. A common used carbon 
substrate – carbon fiber cloth has been investigated. Key parameters that influence 
the permeation, attachment and growth of aligned CNT through the inner pores 
have been analyzed. Detailed morphological analysis was carried out using Field 
Emission Scanning Electron Microscopic (FE-SEM), to estimate CNT diameters, 
densities, and lengths of CNT arrays. We have developed analytical models to 
estimate CNT surface areas using the microstructural analysis method and verified 
using their weight gain data and literature estimates of CNT densities [30]. The 
surface area estimates are also correlated with adsorption of gas atoms in BET 
surface area analysis, in order to understand the availability of surface sites for 
various applications.   
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2.2 Materials and Methods 
2.2.1 Materials 
  Analytical grade reagents used in this study were the following: Hexamethyl-di-
siloxane (99.5%, HMDSO, (CH3)6Si2O, Sigma-Aldrich chemicals), Ferrocene 
(99%, C10H10Fe, Alfa-Aesar Ltd), and Xylene (C6H4C2H6, PTI Process Chemicals). 
Other materials are de-ionized water (DI water) and laboratory grade high purity 
argon and hydrogen gases. Carbon fiber cloth was provided by Hexcel, ACGP206-
P weave. 
2.2.2 Synthesis of aligned CNT on carbon fiber cloth 
  Carbon Fiber fabric samples were cut into square pieces about 10 cm by 10 cm in 
size. Aligned carbon nanotubes were fabricated on flexible carbon fiber cloth 
(CFC) supports using a two-step process: microwave plasma enhanced chemical 
vapor deposition (PECVD) of silica buffer layer followed by floating catalyst 
chemical vapor deposition (CVD) of carbon nanotubes. The two-step CNT 
fabrication technique was invented and optimized from earlier research [134-136]. 
In this study, process variables were modified and optimized suitable for various 
porous structures and were carefully monitored, as described in this section. 
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Silica buffer layer deposition via PECVD 
  Silica(SiOx) deposition was carried out in a plasma reactor (V15GK, PlasmaTech 
Inc.), using gas mixture of HMDSO and oxygen in cyclic steps. Schematic 
representation of the PECVD process is shown in Figure 2.1a. CFC was coated 
with uniform silica buffer layer on both front and back side.  
Carbon nanotube growth via thermal CVD 
  Samples after silica coating subsequently moved to a thermal CVD reactor, 
consisting of a single crystal quartz tube in a three-zone programmable furnace 
system (OTF-1200X-III, MTI Corporation Ltd), shown in Fig 2.1b. Samples were 
placed vertically inside the tube. A mixture of carbon source and catalyst solution 
was injected into the reactor via an infuse pump (Pump 11 Elite, Harvard 
apparatus) from a steel syringe under H2 reducing environment, while xylene is 
the carbon source and ferrocene is the catalyst. The entire thermal CVD process 
contains three stages, pre-heat, growth and cool down, this process is optimized 
from previous studies [17-20]. It was seen that the key factors will influence the 
final CNT growth are: CVD run time, furnace temperatures (pre-catalyst and 
CNT-growth zone), gas composition and flow rates, catalyst and source (Fe/Xy) 
flow rates, and silica coating thickness[134-138].  
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Fig. 2.1 b) Schematic illustration of thermal CVD process  
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2.2.3 Electrical Property measurement 
 Two-point method was used for R measurement by Keithley 172A multimeter. A 
mixture of silver paste and paint was applied to both ends of each sample for 
appropriate leads. During electrical measurement, samples were kept in a box to 
prevent possible contamination and to minimize airflow.  Fig 2.2 exhibits diagram 




Figure 2. 2 Schematic illustration of electrical property measurement  
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2.2.4 Materials Characterization 
  Micro-structural images of hierarchical hybrid material were observed using 
JEOL 7401F field emission scanning electron microscope (FE-SEM). Statistical 
analysis of SEM micrographs was performed using Image J imaging software. 
Surface chemical characterization was performed using X-Ray photoelectron 
spectroscopy (XPS) with a Kratos (Axis Ultra) system and mono-chromatized Al 
Kα (1486.6 eV) source in ultra-high vacuum (UHV∼10−10 Torr) environment. To 
correct the issue of surface static charging in these scans, a standardized value of 
284.4 eV was assigned to C 1s spectrum from graphitic carbon, a known binding 
energy value for carbon-carbon bonding in sp2 graphite [148]. X-ray diffraction 
(XRD) patterns were obtained by a PANalytical XPert PRO diffractometer, using 
a mono-chromotized Cu Kα radiation (λ= 1.5418 Å) at 25 kV and 0.4 mA. XRD 
data was collected in the range of 20° < 2Θ < 90° diffraction angle. Surface area 
measurement is carried out via a Quantachrome instrument NOVA e-Series 2000 
model. Brunauer-Emmett-Teller(BET) method was used to measure the specific 
surface area(SSA), N2 gas adsorption/desorption isotherm was obtained at 77K. 
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2.3 Results and Discussion 
2.3.1 CNT carpets on ideal carbon surface 
  In order to study more details of the CNT growth on the carbon substrate, ideal 
flat carbon support highly oriented pyrolytic graphite (HOPG) were utilized.  
Earlier investigators in this team [149] have performed systematic studies on 
HOPG to understand the influence of the growth parameters, such as buffer layer 
thickness reactor conditions and growth time. It was reported that, on ideal flat 
surface having optimal buffer layer thickness and deposition conditions, CNT 
carpet height increased linearly with the deposition time of CVD, at about a rate of 
1.66 um/min. Figure 2.3 shows an image of CNT carpet on HOPG substrate after 
60 minutes of CVD deposition at 720 Celsius.   
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Figure 2. 3 CNT carpet on ideal carbon(HOPG) surface [149] 
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  In this study, the influence of surface roughness was investigated by using the 
same parameters to deposit CNT growth layers on HOPG surfaces that were 
intentionally roughened using abrasive polish.  Standard abrasive sandpapers, with 
grits conforming to ANSI B74.12-2018 specifications, were used and their 
corresponding estimated root mean square roughness (RMS) values were used as 
reference.  Before polishing, pristine HOPG substrates were determined to have a 
RMS roughness values of 4.17 nm as measured by atomic force microscope(AFM).   
However, the sandpaper polished samples could not be measured by AFM directly, 
since the finish roughness is beyond the detection limit of AFM.  Therefore, the 
estimated roughness related to each commercial sandpaper grits has been plotted 
in the data [150]. 
  Figure 2.4 shows the SEM images of CNT carpet on HOPG samples as a 
function of roughness.  All ANSI grit sizes was converted into surface roughness- 
root mean square(RMS) values according to their published data.   
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Figure 2. 4 a-e SEM image of multiwall carbon nanotubes grown on graphite 
sample with different surface roughness. (a) pristine graphite sample with a 
zoomed-out view of aligned CNTs on smooth surface, (b-e) CNTs on graphite 
sample surface with 1, 5.5, 14.5, 34 micron finish, respectively, (f) histogram 




  It can be clearly seen that the sample surface with higher roughness tends to have 
shorter CNTs, and the alignment of the CNTs is reduced with roughness. This is 
not unexpected, since buffer layers follow the substrate contour, and individual 
nanotubes are expected to grow normal to the surface at each point.  Therefore, 
CNT strands growing on rough surfaces are not exactly parallel, and may be 
hindering each other’s growth during formation.   
  These results indicate that while rough and uneven surfaces do support healthy 
and robust CNT carpet growth, their alignment and carpet lengths will depend 
upon the substrate morphology, and hence there is need for substrate-specific 
investigation for different applications.  The uneven surface for our study is more 
complex:  it consists of porous weaved microfiber cloth, an CAD illustration of the 
fiber cloth is shown in Figure 2.5.  Resulting morphology of CNT carpet on these 





Figure 2. 5 CAD representation and optic image of carbon fiber cloth 
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2.3.3 Surface morphology of CNT carpet on carbon fiber cloth 
  Fig 2.6 shows electron microscopy images of carbon fiber fabric before and after 
CNT growth.  It is observed each fiber of the carbon cloth, which is smooth to 
begin with, shown in 2.6a, gets coated with carbon nanotube arrays, which can 
eventually overlap and entangle with arrays of adjoining fibers (Fig 2.6b).  Since 
the entire cylindrical surface of carbon fibers are coated with a dense fuzzy layer 
of CNTs, the interface between the individual CNT and fiber substrate cannot be 
seen in SEM images., Figure 2.6-c, d, shows that aligned CNTs on two individual 
fibers get entangled and can be stretched as they are mechanically pulled apart. 
2.6e shows the grown CNTs have a uniform size and shape, detailed analysis of 
the CNTs on CFC are in the following section. 
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Figure 2. 6 SEM images of the carbon fiber cloth. (a) As received carbon fiber 
cloth, (b) CNT grafted CFC at low magnification, (c,d) entangled CNTs on 
two carbon fiber while mechanically separation applied. (e) CNT details from 
transmission mode image showing the carbon nanotubes are multiwalled 







2.3.4 Analysis and comparison of CNT carpet morphology on different 
substrates. 
  One important property of CNT carpets that will be useful for all future 
applications is the dimension of the individual CNT in each strand.  Whereas the 
overall length of the CNT carpet can easily be tuned with CVD growth time, it is 
important to understand their inner and outer diameters, which determines the 
number of graphene layers in each cylinder, the weight, density, surface area, and 
related engineering properties.  It is also important to understand if and how these 
features may change from one geometry to another.  
  The first question to address is how the CNT diameters may depend on substrate 
geometry. Fig. 2.7 shows a histogram of measured CNT diameters on carbon fiber 
cloth, indicating both inner and outer diameters. In these samples, the mean inner 
diameter is 9.9 (± 0.76), mean outer diameter was about 22.4 (± 1.84) nm, 
respectively. This result can be compared with those reported on ideal flat surface, 
HOPG graphite and Reticulated Vitreous Carbon foams (RVC) investigated by 




Figure 2. 7 a) Transmission mode SEM images of CNT on fiber cloth and b) 






























Table 2. 1 CNT inner and outer diameter comparisons based on different 
substrate. 




CNT on graphite [149] 10  19 
CNT on RVC [151] 9 ± 1.35 18 ± 2.2 




  From the table 2.1 above, we can see the CNT on different substrates show the 
similar average inner diameter, but outer diameter may have more substrate to 
substrate variation. More notably, the carbon fiber cloth shows slightly thicker 
CNT strands on average.  This is most probably controlled by the catalyst size, i.e, 
the size of metal nanocatalyst that gets stabilized on the substrate. In the floating 
catalyst thermal CVD process used here, catalyst particles are continuously being 
deposited on substrates, and are growing by either agglomeration with nearby 
particles, or by absorbing the incoming catalyst-containing precursor (Ferrocene) 
[151]. It is possible both phenomenon happen simultaneously. Compared to the 
ideal flat surface of HOPG, the curved surface of the of the individual carbon 
fibers , as well as the grooves caused by weaving of the fiber into cloth, can 
increase the possibility of catalysts that are anchored on the surface, and have 
more chance to build up and agglomerate into larger nanocatalysts before 
nucleating nanotubes.  On the other hand, the highly porous RVC foam create 
more open channels for CVD precursors to permeate the inner surfaces, which 
offers less possibility of excessive iron trapping and nanocatalyst agglomeration. 
This may lead to the smaller catalyst particle size therefore thinner CNTs. 
  Next important question to answer is, would the CNT diameters change with 
deposition time for given growth conditions, i.e, would the average diameter of 
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CNT carpets change with deposition time, as the CNT strands grow in length and 
entangle, perhaps offering newer type of nucleation/growth sites. To address these, 
detailed measurements of average CNT thickness were performed as a function of 
CVD deposition time, as shown in Fig.2.8, Less than 10% diameter variation was 
observed from samples with different CNT growth time, it is clearly indicated 
from these measurements that the average CNT diameter does not vary with CNT 
growth time.  It must be noted that, since this is a statistical average of large forest 
of nanotubes, atomistic variations at local nucleation sites may be missed.  What 
this study shows is that no visible significant changes that will be relevant for 
engineering applications could be detected at the microstructure scale.   
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Figure 2. 8 CNT diameter variation as a function of time, showing no 
significant difference can be observed up to 2 hours production time.  
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2.3.5 Surface chemistry of CNT carpet 
2.3.5.1 Surface chemistry study of CNT carpet on Fiber cloth 
  The X-ray Photoelectron Scpectroscopy (XPS) analysis on the pristine CFC and 
CNTCFC hybrid material is shown in Figure 2.9.  2.9a, 2.9c represents the survey 
scans of the material, it can be observed pristine CFC has main surface 
composition comprised of carbon and oxygen, while CNTCFC sample is purely 
carbon based. Fine scans give more details of the carbon composition. 2.9b. The 
deconvolution of C 1s spectrum shows a main component at 284.5 eV, which is 
attributed to the graphitic hexagonal carbon bonding (C-C sp2 hybridization), the 
peak at 286.3 eV is assigned to the C-O bonding, and the π-π* peak is located at 
291.3 eV. In contrast, the deconvolution of XPS C 1s spectra of CNTCFC hybrid 
material is very different, seen from 2.9d. Likewise, main peak of aromatic carbon 
bonding (C-C sp2) from the hexagonal walls of CNTs. The peak at 285.3 eV is 
referred to the C-CH sp3 hybridization, it is because of the defects in the 
hexagonal structure.  Broad satellite peak at 291 eV is attributed to the π-π*. There 
is significant evidence showing that the high resolution and narrow C 1s peak of 
CNTCFC hybrid material gives pure graphitic carbon, also, the higher degree of 
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sp2 contribution will inevitably considered with better conductivity compared with 
the pristine CFC.   
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Figure 2. 9 XPS spectra regarding a) carbon fiber cloth survey scan, b) CFC 









2.3.5.2 X-ray Diffraction for crystal structure 
  Structural investigation was performed using X-Ray Diffraction (XRD). Figure 
2.10, the blue line shows the XRD pattern for as-received carbon fiber cloth, 
indicating that it has two major peaks at 2theta values of 7 and 26, where the 
prominent peak at 26° corresponds to (0 0 2) plane, a characteristic peak of 
hexagonal structure of graphitic carbon. Both peaks at 5.5 and 26 are producing 
broad diffracted peaks, which is due to the lower crystalline quality. In Fig. 2.10, 
red line represents the CNTCFC hybrid material. The intensity of (0 0 2) plane, 
which represents layered graphitic carbon structure is increased, and sharper. This 
proves the increase of crystallinity.  Same time, the large broad peak at 2Θ values 
of 5.5 disappears, due to the more ordered structure and disappearance of 
amorphous carbon, same time, the peaks at 42o, 50o both corresponds to the 
graphitic structure of carbon, there is significant evidence showing the crystal 
structure of the material surface has changed and become graphitic, which is from 








2.3.6 Surface area estimates of CNT-carpet enhanced solids:  
  The specific surface area of the nanotube carpets has been estimated using the 
microstructural information of CNT morphology.  The idea is to understand under 
what conditions this estimate would correlate with gas adsorption on the surface.  
This part of the study has been focused on carbon fiber fabric, with the idea of 
exploring their potential as flexible surface-active devices. 
  It must be noted that there are several steps involving plasma and thermal 
treatments during carbon nanotube carpet growth, and each step may inherently 
include some weight change before CNTs are actually formed.  Therefore, in order 
to accurately measure the weight gain caused by CNT growth, the weight loss of 
original substrate caused by each step without CNT growth is carefully measured 
by simulating the entire process under identical conditions, without the chemical 
precursor for CNT growth.  Fig. 2.11 shows the normalized weight change of the 
carbon fiber fabric substrate due to each step, without the CNT precursors.   
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Figure 2. 11 Carbon fiber cloth weight change according to heat treatment 




  It is obvious that plasma coating and the heat treatment will cause the sample 
weight loss, before the CNT growth leads to weight increase. It can be seen that, 
the carbon fiber cloth samples experience a 1% weight loss after both plasma 
treatment and the heat treatment. This correction is then applied to the original 
weight of the substrate before estimating the weight gain due to CNT grafting. 
Figure 2.12 shows the net weight change of the substrate from each step including 















where, mCNT-CFC,mCFC representCNT graftedCFCanduntreatedCFCmass
 
The base value is the weight loss correction due to thermal and plasma treatments. 
The corrected weight change as a function of thermal CVD runtime is plotted and 
shown in Fig 2.16, and it can be seen that the weight increase follows a linear 
pattern as the thermal CVD runtime increases. 
  In order to covert weight gain into total surface area of nanotubes created, mass 
density of CNT needs to be estimated. This is obtained from the mass density 
analysis of MWCNT reported in the literature [147] that takes into account the 
outer and inner diameters of CNT, or the number of graphene walls in each 
nanotube. The outer and inner diameters for these samples were obtained using 
SEM/STEM images. In MWCNT in general, the inter-wall distance, di is 
approximately 0.34 nm, measurement from TEM (Fig2.7b) matches as reported by 
Ajayan et al [148].  Therefore, the average number of nanotube walls (n) in 
MWCNT can be given by equation 2. The mass density of MWCNT (𝜌𝐶𝑁𝑇) is 
obtained by applying the SEM data from our samples to equation 3 below, which 
is used here to relates nanotube density to its diameter and number of walls. 
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𝑛 =  
𝐷𝑜−𝐷𝑖
2 ∗ 𝑑𝑖
+  1 ---- (2) 









2 ] ---- (3) 
Here, Di and Do are inner and outer diameters of MWCNT, di is inter-wall spacing, 
n is number of walls in MWCNT, and 𝜌𝐶𝑁𝑇  is the mass density of MWCNT. Some 
of these values are tabulated in. In the mathematical calculation of the CNT SSA 
on the substrate, several assumptions are kept: 1) all carbon nanotubes are treated 
as a single carbon nanotube with the same diameter, which in our SEM 
observation is 22.4 nm. 2) area density of CNT arrays is homogeneous throughout 
the whole. Related parameters are tabulated in Table 2.2. 
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Table 2. 2  Estimated values of CNT morphology obtained using SEM 
analysis  
Estimated CNT Morphology Values  
Avg. Outer Diameter, Do 22.4 nm 
Avg. Inner Diameter, Di 9.9 nm 
Avg. Number of walls, n 19 # 




  Using the above values, the specific surface area (SSA) (m2/g) of individual CNT, 
i.e. the surface area to mass ratio of the CNT can be determined by equation 4.  









 × 103                      ---- (4) 
Where, MCFC-CNT is total mass of CFC-CNT sample after CNT growth, MCNT mass 
of CNT (mass difference after CNT growth) grown on CFC sample, and SACNT, 
VCNT, and mCNT is the surface area, volume, and mass of an individual CNT 
respectively, need to mention 103 comes from the unit conversion from the 
calculation, since the resulting SSA is in m2/g. The calculated SSA of CNT is 99.8 
m2/g, this calculated result is furthermore compared with experimental results 
from BET analysis. The goal of this chapter was to examine if surface area 
estimates obtained from the two predictive methods compare well with each other, 
and how they relate to the experimental observation of surface gas adsorption. 
  The surface area of the whole CNT-CFC hybrid material is made of two parts, 
SSACNT and SSACFC, so the total SSA of CFC-CNT hybrid material (SSACFCCNT) is 
then given by equation 5 
𝑥 ∗ 𝑆𝑆𝐴𝐶𝑁𝑇 + (1 − 𝑥)𝑆𝑆𝐴𝐶𝐹𝐶 = 𝑆𝑆𝐴𝐶𝑁𝑇−𝐶𝐹𝐶                          ---- (5) 
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where x is the weight percentage of CNT at corresponding growth time, which can 
be obtained from the weight change of sample. SSACNT, SSACFC  and SSACNTCFC are 
specific surface area of carbon nanotube, carbon fiber cloth and CNT grated fiber 
cloth, respectively. Fig 2.13 is showing the calculated SSA of CNT-CFC based on 
eq.5, a linear pattern is observed as CNT growth time increase, a 0.1 m2/g/min 




Figure 2. 13 specific surface area of CNT-CFC hybrid material calculated 





2.3.7 Comparison of surface area measurement with gas adsorption   
Fig. 2.14 shows the surface measurement via BET method, nitrogen gas 
adsorption/desorption isotherm used to calculate surface area. The SSA from 
manufacture is given as 0.006 m2/g. It can be seen the surface area increases from 
0.006 m2/g to 5.19 m2/g for the one hour CNT growth time, and up to 11.25 m2/g 
as the CVD runtime increased to 2 hours, which, eventually, is around 2000 times 
surface area increase. A comparison plots were created in order to shoulder to 
shoulder compare the material specific surface area change as CNT growth time 
increases, shown in Fig 2.15. The results showed the despite the SSA of hybrid 
material from BET analysis is not perfectly matching the with value of SSA from 
weight gain method. Both approaches have good agreement in SSA increase rate, 
which is 0.1 m2(g*min)-1. During the calculation, couple of major assumptions 
were made, however the resulting SSA increase rate is close enough to be identical, 
which can provide significant evidence for future material property estimation. 
  Since there is a good match of the growth rate observed, conversely, the SSA of 
CNT(SSACNT) can be calculated by reversing Equation 5, the reason for doing this 
is to find out the SSACNT from experimental BET test, and find out the trend of the 




Figure 2. 14 BET surface area measurement of CNT-CFC hybrid material 
respect to different CNT growth time 
 
Figure 2. 15 SSA of CNTCFC hybrid material comparisons from different 
measurement/calculation methods 
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SSA of CNT(SSACNT)(m2/g) 
0 0.005 0 
20 0.9 108.0229 
30 2.31 102.3476 
40 4.5 130.3869 
50 4.76 107.8196 
60 5.19 82.58134 
90 8.65 71.63675 




  From the table above, the SSACNT is kept above 99.8 m2/g, which reference 
number calculated from weight gain method, up to 50 mins of growth. Afterwards, 
the SSACNT starts to drop and eventually, plateaus around 70 m2/g. This can be 
attributed to the gradual entanglement of the denser and denser CNT forest, and 
the heavy entanglement will be hindering the gas molecules passing through the 
hybrid material. Interestingly, one singular point was observed, 40 mins of CVD 
(in bold in table 2.3), which outputs an above average SSACNT, a significant 30% 
SSA increase was observed. A triplicate test was conducted for data verification, a 
consistent data was collected.  One possible explanation for this phenomenon is, 
since it is clearly the CNTs studied in this work are hollow structured multiwall 
carbon nanotubes. Therefore, during the standard BET test, the surface used for N2 
adsorption is not limited on the outer side of CNTs, the inner surface may have gas 
molecules adsorbed on at the same time. Especially while CNTs are short, CNTs 
are not closed and its inside surfaces are still useful for maximizing the overall 
surface area. This assumption can be supported by Quinton et al [19] previous 
work. The growth mechanism in our process is neither solely tip-growth or 
bottom-growth, but a mixed growth model. As a result, partially bottom growth 
CNTs have open ends, which eventually kept the SSACNT always above the 
theoretical calculated value 99.8 m2/g, and reached a maximum point when CVD 
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runtime reaches 40 mins. A schematic illustration model was constructed using 
Avogadro, shown in Fig 2.16.  
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Figure 2. 16 Illustration of N2 gas molecules interact with both inner and 
outer walls of CNT  
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2.4 Electrical Property measurement 
  Electrical resistance, R, depends on geometry of sample as well as material. 
Assume that l, A and ρ are the length, cross- section area and resistivity of sample, 
respectively. Therefore, we can use the equation below:  
)5(/ AlR =  
As the cross- section, itself, is width (w) times thickness (t), so:  
)6(/ wtlR =  
  Based on equation 6, electrical resistance versus length to width ratio, would 
yield resistivity over thickness.  In this study, a single sheet of CFC was enhanced 
with different lengths of CNT carpet, and the resistance of different lengths of 
sample measured. The thickness of the sample (carbon fiber cloth) can be assumed 
to be a constant value for all lengths.   
Fig 19 below shows the normalized electrical resistance at different CNT growth 
time, result exhibits electrical resistance for samples having different CNT 
growing time. For all samples, from raw carbon fibers to 3 hrs CNT growth, 
electrical resistance linearly changes versus length over width ratio (L/W ratio). 
The slopes of curves are directly proportional to resistivity. The electron transport 
in MWCNTs is believed to be diffusive/ quasi ballistic, in contrast SWCNTs. 
 78 
Besides, quantum dots may exist in CNTs and because of strong Carbon- Carbon 
bonds electro-migration can easily occur even in high current densities, thus, the 
higher density of CNTs, in other words longer growing time, would ease electron 
transport. Electrical conductivities of CFC specimens of 1, 2 and 3 hours of CNT 
growth were found to be approximately 580, 850 and 1420 S/Cm, respectively. 
Based on experiments, electrical conductivity of 3 hours sample was about 15 




Figure 2. 17 Electrical Resistance versus length divided by width of 




  As predicted, increasing CNT growth time would decrease the electrical 
resistance. Longer CNT growing time bears longer CNTs and interlinking of CNT 
strands, meaning more available transport paths for electrons.  Fig 20 shows 
conductivity values as a function of CNT growth time for samples with different 
CNT growth time. eight groups of samples. The electrical conductivity linearly 
increases with CNTs growing time. The calculated conductivity shows 15 times 
increase, from raw CFCs, 95 S/cm, to 1488 of the 3 hours CNTCFC sample. These 
increases can be justified in two probable ways. Longer growing time, would bear 
more condensed structure, and thus; intertube spacing will be smaller. Moreover, 
in a longer growth time it is, the lengths of CNTs would linearly increase, 
consequently results in a linear increase in conductivity. On the other hand, larger 
bundles of CNT (or CNT forest) could be developed which could create greater 
contact area enhancing conductance. In addition, higher growth time, amorphous 
carbon, which causes degradation in conductivity, would have less chance to stand 
and might be eliminated and turned into crystalline phases which possess greater 
electrical conductance.  
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  This chapter investigates the multi-scale structural and functional aspects of 
porous three-dimensional carbon solids, consisting of flexible carbon cloth that are 
enriched with carpet-like arrays of covalently bonded carbon nanotubes (CNT). 
Earlier publications have demonstrated that CNT carpet enhancement of solids 
show promise in enhancing surface activity of porous materials.  This study 
provides in-depth analysis of the multi-scale morphology aspects of such solids, 
with emphasis on processing-structure-property relationships relevant to surface-
applications in different service conditions.  Model porous substrate –flexible 
woven fabric sheet, has been investigated.  Its surfaces is enriched with carpet-like 
arrays of carbon nanotubes using a two-step technique:  The first step involves 
creating a surface buffer layer using microwave plasma deposition.  This is 
followed by floating catalyst chemical vapor deposition.  In-depth characterization 
has been performed using Field Emission- Scanning Electron Microscope (FE-
SEM), X-ray diffraction (XRD) and x-ray photoelectron spectroscopy (XPS).  It is 
seen that while the process parameters need to be optimized for surface geometry 
and porosity of the substrate,  two variables that have maximum impact, and can 
be used for tuning CNT carpet morphology are the thickness of the oxide buffer 
layer, and CVD deposition times.   
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  For the model sample investigated, increase in surface area caused by attachment 
of cylindrical nanotubes was estimated from detailed microstructural 
characteristics (diameter, length, spacing etc.) of CNT carpets and correlated well 
with weight gain measurements. These values were compared with direct gas 
adsorption surface area measurements using BET analysis in order to understand 
the availability of surface sites for different service conditions.  It is seen that both 
methods have a good agreement of SSA of the CNT grafted carbon fiber cloth. 
Last but not least, electrical property measurement was conducted, linear 
relationship between CNT surface area and conductivity was established, 
indicating predictable physical properties governing by the SSA of the material, 
while using this geometry independent two-step CVD method.  These studies 
indicate that novel hierarchical porous structures with tailorable surface 
morphologies can be created for unique surface properties related to adsorption, 





Chapter 3: Surface Wettability Conversion of Hierarchical Carbon Supports 
3.1 Introduction 
 Many material processing techniques such as joining, solidification, and 
composite processing [152] involve multi-phase phase interactions. This is also 
important for surface related properties such as catalysis, sensing, corrosion, 
surface reaction etc…Wetting depends on intermolecular interaction between solid 
and liquid species when brought together. Wetting degree (wettability) depends on 
the interfacial energies between different phases. In the previous chapter, the 
surface area of porous substrates was increased significantly by attaching CNTs, 
which could enhance the activities due to more available active sites on the 
material [153]. Furthermore, it is also suggested, and shown in the next chapter, 
that CNT-grafted porous material could have more catalytic effect in various 
applications when functionalized with metal nanoparticles, such as Pd, Pt [154, 
155]. In these applications, surface wettability plays an important role when the 
materials interact with solution phases. In this chapter, different material’s surface 
wetting was studied, different surface modifications were applied to samples with 
different surface morphology (flat, curved, porous). Surface wettability tuning was 
conducted in order for different materials be applicable at various environment.  
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   Surface energy and chemistry of the CNT grafted support can be controlled by 
oxidative functionalization via either gas-phase or liquid-phase oxidation. 
However, common oxidative methods, such as chemical etching or plasma etching, 
induce significant structural damage to CNT and compromise CNT carpet 
integrity. [156] Additionally, surface absorbed/adsorbed species do not gift 
permanent wettability conversion [157] and will easily undergo desorption process 
while exposed to heat or reducing atmosphere. In some extreme cases, desorption 
seems to occur even in the dark and vacuum environment [158] which makes it 
hard to obtain permanent wettability required for certain applications such as 
contaminated water purification. An alternative approach investigated here is to 
coat the CNT carpet with a silica layer(film) via a sol-gel method. This non-




3.2.1 Surface silica coating 
  A thin silica layer is coated on the porous substrate(RVC foam and carbon fiber 
cloth) via acid catalyzed SOL-GEL method. Chemical used as silica source is 
Tetraethyl orthosilicate (TEOS).  
Solution ratio = ethanol : water : TEOS = 50:50:1 
• PH value adjusted into 3, stirred for 1 hour 
• Dipping time 1 hour, stir bar removed 
• Air dry for 12 hours,  
• hot plate dry in air for 12 hours 
• Annealed at 500 degree C (CVD furnace used)   
  Silica coating is checked using EDS to quantitatively measure the silica content 





3.2.2 Preliminary contact angle studies on various geometries  
  Contact angle is defined as the angle between the tangent of the liquid-gas 
interface and the tangent to the solid surface at the contact line where all three 
phases meet, toward the liquid as shown in Figure 3.1. Contact angle is first 
modeled and formulated by Thomas Young with the interfacial energy of the 
three-phase system [159], as given in equation (3.1)  
𝛾𝑆𝐺 =  𝛾𝑆𝐿  +  𝛾𝐿𝐺  𝑐𝑜𝑠𝜃 … …               3.1  
where 𝛾𝑆𝐺  solid–gas interfacial energy; 𝛾𝑆𝐿  is solid–liquid interfacial energy; 𝛾𝐿𝐺  
is liquid-gas interfacial energy; θ is apparent contact angle. Young’s equation is 
derived from the equilibrium of surface free energy or vector balance of surface 
tension. In the point of surface free energy, a water droplet will remain static state 
when the global surface free energy reaches minimum. Young’s equation can also 






Figure 3. 1 Measurement of the contact angle of a three-phase system 
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  We are interested in seeing contact angle vary with different geometry. In this 
chapter, surfaces studied include curved surface – silicone tube, rigid porous 
carbon surface – RVC foam and flexible carbon woven fiber cloth.  Influence of 
surface modifications on changes in wettability were also studied. Modification 
approaches include mechanical abrasive polishing, chemical etching, plasma 
etching, etc. 
  A static contact angle was measured by analyzing the liquid droplet on prepared 
solid surface. Solid Works was used for the data processing. A lab made 
goniometer was optimized to improve the quality of the pictures. Inspired by the 
previous work of Lamour et.al. [160], similar station was set up, schematic 
illustration is shown in Fig 3.2.  A cardboard with both ends open was covering 
the sample from the top. One end of the dark box was covered with a translucent 
paper, which functions as a light diffuser generating a homogeneous background. 
Pictures with sharper and clearer contour could be taken after adding a diffuser. 
Each test 5 µl of distilled water was pumped and placed gently on the sample 






Figure 3. 2 Schematic representation of goniometer assembly   
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3.3 Results and Discussion  
3.3.1 SOL-GEL silica coating on CNTCFC 
  Two groups of samples are randomly collected in this analysis, top view SEM 
images were taken at multiple random locations of two sets of samples. detailed 
images are shown in Figure 3.3. From Fig 3.3, it’s clearly all CNTs remain 
undamaged, which was expected since the SOL-GEL is a nondestructive coating 
method. Silica coated CNTs do look the same as non-coated, however, there is 
significant evidence showing surface charge build-up (shinning spots), which is 
attributed to the electric insulating silica layer. Furthermore, there is no significant 
evidence of overall clumping happens, and the CNT can be seen well distributed 
in these images, some overlapping is observed.  Still, locally, there are some spots 
showing clump phenomena (circled out in red), some CNT are stick together and 
the pictures become very cloudy. Therefore, dispersion may become a potential 
issue for application of the CNT hybrid material, since silica layer is electrically 
insulating, this may hinder the electrical properties of the material. Additionally, in 
order to see more details on the silica coating on the fiber cloth sample, elemental 
analysis was conducted to compare the chemical compositions using EDS, result is 






Figure 3. 3 Microstructure of SOL-GEL silica coated CNT forest  
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Table 3. 1 Elemental analysis of fiber cloth samples 
Sample Atomic percentage (%) Weight percentage (%) 
 C K O K Si K C K O K Si K 
CFC 96.17 3.83 0 94.96 50.4 0 
CNT-CFC 97.21 2.28 0.1 94.94 2.97 0.23 




  Three groups samples were characterized in EDS, in order to compare the 
elemental change of the sample through each step of surface modification. Table 
3.1 tabulated the pristine carbon fiber cloth (CFC), CNT grafted fiber cloth hybrid 
material (CNT-CFC) and the TEO coated hybrid material (TEO-CNT-CFC). 
Firstly, for the all group, iron(catalyst) element information was excluded in this 
analysis since the focus is the influence silica coating. From the table above, there 
is significant evidence showing trace of silicon with the SOL-GEL silica coating, 
comparing to the pristine fiber cloth and CNT grafted fabric.  Silicon peak from 
CNTCFC sample is attributed to the plasma coated silica buffer layer (SiOx), since 
the buffer layer is at nano scale, very minimum amount was able to be traced from 




3.3.2  Initial trial of contact angle test of different surface under different 
condition 
3.3.2.1 Detailed contact angle measurement on fabric and foam 
  A detailed study of contact angel measurement was conducted on two types 
porous carbon substrate. Carbon fiber cloth (CFC) and Reticulated Vitreous 
carbon foam (RVC). Both supports have gone through identical surface treatment, 
including CNT grafting and SOL-GEL silica coating.  
  From the figure 3.4 and table 3,2  shown below, we can see the carbon fiber 
holds a hydrophilic surface, after CNT grafting, the surface become hydrophobic, 
however, if SOL0GEL silica is successfully coated on the CNTCFC surface, the 
surface wettability will be reverted, which means back to hydrophilic. Quantitative 
comparison in the table 3.2 shows the surface wettability of the carbon fabric after 







Figure 3. 4 Contact angle preliminary test based on carbon fiber cloth. a) as 
received. b) CNT grafted carbon fabric. c) Silica coated on CNT grafted 







Table 3. 2 Contact angle of selected carbon fabric surface with surface 
modification 
Substrate Average contact angle() 
Carbon Fiber Cloth (CFC) 39.5 
CNT- CFC 141.3 
TEO-CNT-CFC 51.7 
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  RVC foam surface contact angle holds a different result, apparently, untreated 
RVC foam has a hydrophobic surface, after grafted by CNT, the surface become 
more hydrophobic, which is termed as super hydrophobic, however, if one layer of 
silica is coated on the CNT grafted fabric surface, the surface wettability will be 
changed dramatically into hydrophilic. Quantitative results are given as table 3.3, 
result showing with the CNT grafting, CNTRVC material is able to achieve a 
super hydrophobic surface. Meanwhile, SOL-GEL silica is able to convert the 






Figure 3. 5 Contact angle preliminary test on RVC foam. a) as received. b) 






Table 3. 3 Contact angle of selected RVC foam with surface modification 
Substrate Average contact angle() 
Carbon RVC 116.2 
CNT+ Carbon RVC 150.4 
Silica + CNT+ RVC 58.5 
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3.3.2.2 Preliminary contact angle studies on cylindrical polymer tube  
  Systematic study of contact angle (CA) tuning was achieved in sections above. 
Since both porous and flat surface CA were studied in this group, a preliminary 
surface CA test was conducted. Various surface treatment was conducted on a 
selected commercial silicone curved surface. All engineering activities were 
conforming to ASTM E407 for chemical etching and ANSI B74.12-2018 for 
surface mechanical roughening [161, 162]. Since ASTM E407 is for metal etching, 
slightly adjustment was made. Sample contact angle measurement is illustrated as 
in Fig.3.6. Likewish, the true contact angle is an average of left-side and right-side 
measurement. Various approaches were utilized for different surface finish 
including both physical and chemical method, which includes peroxide (used as 
received), hydrochloric acid(10M), ammonia(10M), nitric acid(10M) and silicon 
carbide sandpapers with different grids from Buehler. All CA measurements were 
taken in triplicate for data validation. A complete CA summary tabulated in table 
3.4 and plotted in Fig 3.7 for comparisons. From the results shown from Fig. 3.7, 
we can observe the following findings. 
  First, the untreated silicone tube possesses a hydrophobic surface, which has a 
contact angle around 95 degrees. By different surface treatment, the surface will 
become hydrophobic or reverse to hydrophilic, in this case, we can see with 120 
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grit sand paper grinding, as well as 120 grit sand paper grinding followed by 
plasma silica oxygen etching, both give the highest contact angle, around 110 
degrees. If the surface is treated with chemicals, generally the surface change into 
hydrophilic, among all, ammonium hydroxide surface etching and ammonium 
hydroxide followed by silica plasma coating present the lowest contact angle, 







Figure 3. 6 Selected silicone tube contact angle measurements according to 
different surface treatment, a) as received b) surface grinded with 120 grit 












pristine 97.57 7.15 
pristine + plasma SiOx 100.30 3.64 
pristine + plasma SiOx + plasma O2 81.24 4.35 
sandpaper grit 120 108.83 10.02 
sandpaper grit 120 + plasma SiOx 102.03 6.53 
sandpaper grit 320 108.90 14.91 
sandpaper grit 320 + plasma SiOx 97.15 4.69 
sandpaper grit 600 97.82 2.16 
sandpaper grit 600 + plasma SiOx 88.27 5.72 
Peroxide 65.35 5.89 
Peroxide + plasma SiOx 58.90 7.79 
 105 
HCL 85.24 5.78 
HCL + plasma SiOx 48.23 7.28 
HNO3 95.33 1.29 
HNO3 + plasma SiOx 83.86 3.63 
Ammonia 93.11 3.48 












  This chapter focuses on surface wettability of different materials and techniques 
of modifying that.  preliminary studies were performed on a hydrophobic 
engineering material, where chemical etching with oxidizing liquids converted 
them to hydrophilic.  Detailed studies of contact angle on the hierarchical carbon 
surfaces were performed. CNT coated surface is presenting a superhydrophobic 
property, however, with a SOL-GEL silica coating of the surface, the hydrophobic 
surface could be made into hydrophilic. Previously, our group has also proven 
another approach to change the wettability of the CNT carpet, by using microwave 
ionized oxygen plasma. In the former technique, the wettability was reversible, 
and excessive care was needed to control plasma power and reaction time, to 
prevent CNT damage.  In contrast, SOL-GEL is a non-destructive method for the 





Chapter 4 Attachment of nano catalytic particle: Palladium 
4.1 Introduction  
  Metal nanoparticles (NPs) have found potential applications in many research 
fields including bio-medical, electronic, environmental, catalytic, and sensing that 
can constructively be used to advance current large number of cutting-edge 
applications [163-167]. Transition metal NPs have been attracting increasing 
attention due to their considerably high chemical activity and specificity of the 
interaction. NPs exhibiting distinct physical and chemical properties in 
comparison to their bulky state counterpart because of their large SSA. Among all 
transition metals, Pd had shown its remarkably catalytic activity and its unique 
ability to absorb hydrogen gas, as well as for molecular hydrogen splitting, 
forming a new intermetallic phase - palladium hydrate [168]. However, loose NPs 
can cause handling issues, recovery difficulties, health and environmental hazards. 
this concern can be directly targeted by attaching NPs onto larger substrate [169-
172]. The limiting factor now therefore is the SSA that the supporting material can 
provide. Previous chapter, CNTs arrays were grafted on carbon fiber cloth forming 
exceptionally high SSA hybrid material. Supported Pd NPs are widely used for 
automotive exhaust catalysis, hydrogenation, dehalogenation, etc. For many 
surface sensitive applications, attaching nanoparticles of precious metals on high 
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SSA supports becomes economically and ecologically desirable for effectiveness 
of the system [173, 174]. The hierarchical hybrid material (CNTCFC) used in this 
study is the ideal support for anchoring Pd NPs due to its enhanced surface area 
and robust structure [175]. 
 In the past, this group had demonstrated that Pd NP can be attached on rigid 
porous foams [176]. This study explores the possibility of obtaining a flexible 
hybrid carbon material such as carbon fiber cloth, that supports Pd NPs. Influence 
of surface tuning on NP size and deposition density was studied. Microstructural 
spectroscopic characterizations and chemical state analysis were carried out by 
comparing the nanoparticles on different hierarchical substrate by SEM, EDS and 
XPS. 
  In this study, three types of substrate were compared for the Pd NPs attachment, 
which are pristine fabric (CFC), CNT grafted fabric (CNTCFC) and SOL-GEL 
silica coated CNTCFC (TEO-CNTCFC), elemental, microscopic and 






  All the reagents used in this study were of analytical grade as received; those 
include Tetra-amine Palladium (II) Nitrate solution (TAPN, 99.9%, 5% Pd, Alfa-
Aesar Ltd.). Other materials are de-ionized water and methanol (Certified ACS 
grade, Fisher Scientific). Ultra-high purity hydrogen gas (H2, 99.99%), and 
laboratory grade argon gas (Ar, 99.9%) were used. 
 
4.2.2 Synthesis of Pd nano catalytic particle  
  PdNPs were synthesized by the liquid-phase synthesis method combined with 
thermal calcination process, the CNTCFC hybrid material was immersed in 
precursor solution (stage I), and then dried in a tube furnace followed by heat 
treatment at elevated temperatures (stage II). Palladium is attached as a metallic 
form. Argon gas and hydrogen gas are the inert protective gas and reductive gas, 
respectively. The deposition is achieved on all three fabric support mentioned 
above. The process used in this study was developed earlier in this group [176]. 





Precursor Equilibrium-Adsorption – Stage I 
  Tetraamine palladium (II) nitrate (TAPN) of known concentration (62.5 mM 
TAPN) is used as the metal precursor solution. The rinsed carbon fiber cloth is 
immediately immersed in aqueous precursor solution of TAPN for 1 hour. 
Excessive remaining solution on the sample is washed away by rinsing in 
methanol and DI water. 
Thermal Treatment and Reduction – Stage II 
  The thermal reduction is carried out in a quartz tube (length 1400 mm, inner 
diameter 70 mm). This thermal treatment includes three steps as drying, 
calcination, and reduction. In the drying step, samples were dried at 100 ºC for 12 
hrs. In the calcination step, samples were heated up to 400 ºC in 30 mins and kept 
for 2 hrs. Heating rate is controlled by computer in order to prevent nanoparticle 
coalescence. Calcination was carried out in argon atmosphere, amines and nitrates 
groups of TAPN will be decomposed in the calcination step. In the reduction step, 
samples were subsequently heated up to 450 ºC (10 ºC/min) for 2 hrs using 
hydrogen as the reducing gas and Ar as the carrier gas. Furnace was thereafter 




Precursor Equilibrium-Adsorption – Stage I 
 
Thermal Treatment and Reduction – Stage II 
Figure 4. 1 schematic route of Palladium nano particle (PdNP) synthesis   
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4.3 Results and Discussions 
4.3.1 Elemental quantification 
  Elemental quantification studies on PdNP grown on various surface modified 
structures are shown in Fig 4.2. EDS data was collected at 20 kV accelerating 
voltage and probe current of 12 mA. From the data, it can be seen that higher 
palladium content was obtained on the TEO-CNTCFC surface compared to CNT-
CFC and CFC surfaces. EDS quantification revealed that higher Pd content was 
obtained with improved surface wettability. Pd loading increases over three times 
while the CNT surface becomes hydrophilic. It is worth to point out that bare fiber 
cloth was not be able to be a support for the nano particles, in another word, 
without CNT attachment, Palladium nanoparticle could not be successfully 




Figure 4. 2 EDS analysis of fabric samples with different surface modification 
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4.3.2 Microstructure Characterizaion 
  From the EDS analysis, we know only CNT grafted fabric is the right candidate 
for PdNP deposition, therefore, SEM analysis were conducted and compared for 
both CNTCFC and TEO-CNTCFC samples. 
4.3.2.1 Pd-CNTCFC 
  Fig 4.3 shows the microstructural analysis of Pd-CNTCFC sample, SEM and 
TEM images were taken. It can be seen that large amount of Pd particles are 
deposited onto the CNT carpet. Meanwhile, NP particle size seems evenly 
distributed. The particles sizes distribution investigations were achieved using 
Image J. Shown in the histogram in Fig 4.5. Multiple microstructure images were 
analyzed for particle size distribution. For the diameter measurement, a total of 10 
images were collected for data processing. It can be clearly seen from the 
histogram that the majority of particles fall between 8-13 nm and observed to have 
variation particle distribution. The mean particle diameter for the Pd-CNTCFC 










Figure 4. 4 Palladium nanoparticle size distribution  
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4.3.2.2 Pd-TEO-CNTCFC 
  From previous chapter, it is known that SOL-GEL silica coating was a successful 
approach for surface wettability tuning. Here, since the TAPN is an aqueous 
precursor, surface affinity is playing a significant role for the nanoparticle loading, 
from the EDS analysis, it is clear that with the wettability tuning, Pd loading is 
increased by 4 times. CNTCFC exhibits a hydrophobic surface, therefore, 
hydrophilic counterpart of CNTCFC was used to compare the palladium 
nanoparticle deposition on the hybrid material surface.   
Fig 4.5 shows the micrograph of the SOL-GEL silica coated CNTCFC for PdNP 
attachment. From the SEM images there is, as well, showing the clamping part of 
the CNT tubes, which was resulting from the silica coating.  Additionally, there is 
significant evidence that large scale particles are appearing, which is attributed to 
the agglomeration of smaller Pd nanoparticles. Unfortunately, these large and not 
evenly distributed nanoparticles are not desired for further usage. Therefore, even 
the TEO-CNTCFC group will have an increased Pd loading, but this surface 
hydrophilic modification is not a good approach for nanoparticle to disperse 
evenly throughout the surface, direct deposition of Pd onto the CNT support 
proves to be a better method. This agglomeration can be resulting from over-
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accumulation of TAPN on the nanotube, and eventually forming large size 
particles.  
  Since CNTCFC becomes the only suitable candidate for the palladium 
nanoparticle attachment, further XRD and XPS analysis will be only conducted on 







 Figure 4. 5 SEM characterization of PdNP attachment on CNTCFC surface 
with SOL-GEL silica coating 
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4.3.3 Crystal Structure Characterization 
    Figure 4.6 shows the XRD patterns obtained from palladium nanoparticles on 
CNT fiber cloth (Pd-CNTCFC) in comparison with the pristine fabric and 
CNTCFC. By comparing the XRD diffractogram of the three, we can see the 
surface change after each modification was applied.  The main peak at 2𝜃= 26° 
corresponds to carbon (0 0 2) plane in all three samples, which is the characteristic 
peak of hexagonal structure of graphite and CNT, and another peak of C (1 0 2) 
shows at 50° of CNTCFC group.  As for the XRD pattern of Pd-CNTCFC,  
additional peaks appeared at 2 𝜃 values of 40°, 46°, 69°, and 82°, corresponds 
to the Pd(1 1 1),  Pd(2 0 0), Pd(2 2 0),  Pd(3 1 1) crystal planes, are in good 
agreement with those reported in the literature,  which are the characteristic 
diffraction peaks of a face-centered-cubic (fcc) crystal phase of palladium 





Figure 4. 6 X-ray diffraction pattern for pristine fabric, CNTCFC hybrid and 
Pd attached CNTCFC hybrid. 
  
C (0 0 2) 
C (0 0 2) 
C (0 0 2) 
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Pd (3 1 1) 
Pd (2 2 0) 
C (1 0 2) 
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4.3.4 Chemical Structure of Pd nanoparticles 
  Fig 4.7 shows the XPS spectra of Pd nanoparticle attached CNTCFC hybrid 
material. Three distinct peaks were observed in the XPS survey spectra (Fig 4.7a) 
at 285 eV, 334 eV and 531 eV, corresponding to C 1s, Pd 3d and O 1s, 
respectively. Two well-resolved strong peaks at 335.3 and 340.6 eV can be 
attributed to the Pd 3d5/2 and Pd 3d3/2, respectively (Fig 4.7b), which match the 







 Figure 4. 7 XPS spectra of a) survey scan of Pd attached CNTCFC hybrid b) 
high-resolution Pd 3d core level. 
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4.4 Conclusion 
  In this chapter, Pd-NPs were attached to porous carbon structures.  Three 
types of substrates were compared: bare carbon fiber cloth (CFC), CNT grafted 
fabric (CNTCFC) and palladium nanoparticle attached CNTCFC hybrid 
material (Pd-CNTCFC).  It is expected that high concentration of catalyst 
nanoparticles can be attached on hierarchical structures to provide very high 
surface activity for smaller and lighter components. Sets of identical 
experiments were conducted to compare the distribution of PdNP on 
differently modified substrates. Surface wettability tuning was applied to those 
substrate, showing that hydrophilic surface will have the highest Pd loading, 
acceptable Pd loading on untreated CNT covered CFC, and no PdNPs onto the 
bare fiber cloth. However, due to the agglomeration of over-sized particles on 
the SOL-GEL silica modified (hydrophilic) fiber cloth surface, it was 
determined that untreated CNT grafted support (CNTCFC) would be more 
suitable for future applications.  These materials have better nanoparticle size 
distribution, and no agglomeration was observed. Therefore, CNTCFC was 
utilized as the optimized support for the Pd nanoparticle attachment. On the 
basis of XRD, XPS analysis, as well as the SEM and HRTEM results, the 
deposited Pd on the surface is as individual metallic nanoparticles. 
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  As discussed in the next chapter, those nano-catalysts can be used easily for 
contaminated water treatment, as they are adhered to larger supports. This 
makes them reusable and eco-friendly as the NPs and the CNT are 





Chapter 5 Reusable Flexible Hierarchical Hybrid Nanocatalysts for 
Degradation of Triclosan in water 
5.1 Introduction   
  Chlorine and Chlorinated Hydrocarbon (CCH) is a major category of 
environmental contaminants that comes from a wide variety of industries, 
pharmaceutical, personal care products [180-183]. According to recent U.S EPA 
reports, more than 100 different CCHs have been found to date, which are 
contaminating the soil, groundwater, and air in large quantities [184].   
Recent studies have been focused on CCHs removal from water.  Since most 
CCHs are non-biodegradable, common methods of removing them involve 
mitigation through adsorption, combustion, and sedimentation, etc. Those 
techniques may have efficiency issue or difficult to reach complete removal.  For 
example, using commercial granular activated carbon(GAC) to adsorb CCHs may 
take several days for treatment, still achieving only partial removal [185,186].  
Moreover, these techniques may require follow-up steps to treat the resulting by-
product. Additionally, while dealing with the halogenated compound, removing 
the halogen groups, especially chlorinated or fluorinated compounds, as in this 
case, oxidation becomes difficult. Usually, substantial energy-consuming   
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techniques such as UV radiation or dielectric barrier discharge(DBD) plasma 
[187,188] are required.   
A novel approach is to target the toxic group of the compound and use an eco-
friendlier wayto degrade the CCH into some non-toxic or easier to treat 
intermediate (daughter) products.   Reductive dechlorination reactions under STP 
can be utilized, where a hydrogen source, with the help of a catalyst, can break 
down the carbon-halogen bond (carbon-chlorine bond in this case). The molecular 
hydrogen will initially associate with the metal catalyst, forming a metal hydride, 
following the introduction of CCH, hydrogen will dissociate from the catalyst 
surface, subsequently, replaces the chlorine in the compound that produces a 
reduced chlorinated compound. Among all catalysts, palladium based catalysts 
have been proven as a good candidate via coupling reaction and therefore a 
promising method of water treatment [222]. Pt or Rh based catalysts also show 
potential in dehalogenation, however, their catalytic activity for dehalogenation is 
lower than Pd-based catalysts. While Ni-based catalysts are showing stronger 
activity than Pd in certain contaminants, especially nitrogen-based pollutants, 
however, leaching is a massive issue for Ni-based catalysts [189,190,191]. 
Previously, work has been done to use a Pd-based catalyst to target aromatic 
CCHs, rate constant varies from 0.1-100 mmol/min/g catalyst, according to the 
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model compound and form of the catalyst [191-195]. Comparing with 
conventional catalysts, nanocatalyst is showing better catalytic activity and 
selectivity, it stands out due to its high SSAs, since most functional materials are 
heavily surface dependent. Moreover, nano catalyst has better dispersion in 
solvent which would help mixing with the reactants for catalytic activity 
enhancement.  
Even though nanomaterials have significant advantages, they on the other hand 
pose environmental risks since they can be released into the surroundings, and 
recovery of nano dimensional materials is costly and challenging. Meanwhile, 
environmental risk remains undiscussed. In this team, we have investigated how to 
address this issue by attaching nanocatalysts onto a robust, flexible, inert, and 
multiscale hierarchical carbon structure by attaching Pd nanoparticles (PdNP) onto 
a CNT grafted carbon fiber cloth(CNTCFC) hybrid material. Just like dew on the 
spider web, CNTs can play very well support for the Pd-nanoparticles, with an 
enhanced surface area, attached nanoparticles become more effective, furthermore, 
the stable physical and chemical property of CNT, chemical inertness and 
resistance to acidic or basic environment, as well make itself a suitable support. 
Last but not least, the actual amount of catalyst used is reduced whiling used in 
nanoscale, makes it economically affordable. 
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  Carbon nanotubes (CNTs) consist of one or more graphene sheets rolled into a 
cylindrical tube with a nanoscale outer diameter [7, 13], commercially available 
CNTs have potential in environmental applications due to their enhanced specific 
surface area(SSA) as sorbents, which can facilitate the removal of contaminants 
[8,196,197]. Because of their outstanding physical and chemical properties, both 
SWCNTs and MWCNTs are being produced in large quantities to achieve desired 
functionalities, and they are among the most commonly used engineered 
nanomaterials [14, 22]. 
  In this study, we were using the add-on effect of CNT and Pd based catalysts. 
Firstly, CNT's large surface area will be providing a good amount of adsorption 
sites for the contaminant. If the Pd-based catalysis targets all adsorbed 
contaminants, efficiency will increase and after treatment will not be needed. 
Previous chapters we have discussed and optimized hybrid material for of Pd 
nanoparticle(PdNP) deposited CNTCFC hybrid material. The CNTCFC hybrid 
material provides not only a large SSA, but also its flexibility opens the door for 
utilization of these materials in a different environment. 
  Furthermore, palladium is anchored onto this hierarchical substrate in nanoscale, 
forming palladium nanoparticles (PdNPs), the PdNPs are strongly attached to the 
supports, preventing the nano-catalyst posing hazardous effect to the outside 
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environment. The objective of this work is to first investigate the morphology of 
PdNPs decorated material study the surface chemistry of this hybrid catalyst 
(discussed in the chapter 4),).  Secondly, demonstrate the use of a hierarchical 
substrate as effective catalyst support for water treatment applications and also to 
evaluate the reactivity, capability, and durability of this novel catalyst. 
  In this study, we have chosen triclosan(TCS) as our model compound, a widely 
used disinfecting agent, and a potential endocrine disruptor [198]. TCS is highly 
hydrophobic, so it's likely to stay in human fatty acid or other animals' bodies 
[199]. Recent work using nanocatalyst targeting triclosan showing a rate constant 
of 0.03 – 0.1 mmol/min/g catalyst. TCS degradation was performed, tests using high-
performance liquid chromatography and (HPLC) and Gas chromatography-mass 
spectrometry (GC-MS) for the kinetic and dechlorination pathway studies, 
respectively. The concentration of TCS in the liquid was monitored. Removal 
results were compared with other forms of catalysts or other techniques. Catalysts 





  The chemical reagents used in this study were of analytical grade and consumed 
without further purification. These include Triclosan (TCS, C12H7Cl3O2, HPLC, 
Sigma Aldrichds), the water used in this study was MiliQ DI water that has a 
resistivity of 18 Megaohm-cm (MΩ-cm). Other materials are laboratory grade 
high purity gases that include 5%H2 balanced N2. Gas-tight syringes (Hamilton, Inc.) 
and end-to-end rotators at 60 rpm (Glas-Col®) were used. The pH of the buffer 
solution was monitored using a pH meter. Teflon-lined butyl rubber stopper 
(PTFE-lined) of size 20mm and aluminum crimp were purchased from Wheaton 
Inc. 
5.2.2 Palladium nanoparticle (PdNP) deposition  
  As mentioned in the previous chapter, palladium nanoparticles(PdNPs) were 
synthesized via a two-step method, step one Tetraamine palladium (II) nitrate 
(TAPN) of known concentration (62.5 mM TAPN) is used as the metal precursor 
solution, the wetted carbon fiber cloths are immersed in a diluted solution of 
TAPN for a certain time. The carbon supports are recovered from the solution, and 
the excess non-interacting solution on the sample is washed-off by briefly dipping 
the support in methanol, shown in Fig 4.1. The following thermal reduction step is 
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performed in a quartz furnace. As discussed in chapter 4, CNTCFC was chosen as 
the appropriate support for the PdNP deposition, the prepared Pd-CNTCFC hybrid 
material is further analyzed in this chapter for the degradation purpose. 5.2.3 
Dechlorination batch test 
  The stock solution of triclosan(TCS) was separately prepared as 50 g/L (0.173M) 
in methanol, and 10 mg/L (0.035 mM) in water, the stock solution was kept in 
shaker prior to use for 48 hours for complete mixing. Investigation of TCS 
degradation is carried out in a batch reactor, shown in Fig 5.1. Carbon supports 
(with and without catalyst) were rinsed prior putting inside the reactor; hydrogen 
gas was introduced and the reactor pressured was kept at 1 atm throughout the 
reaction. During the process, since reaction was studied in both water and 
methanol environment, there will be evaporation mass loss due to the high volatile 
property of methanol solvent, methanol was supplied constantly and the reactor 
mass was kept constant throughout the whole degradation process. 2 ml Samples 
collected from the reactor via the syringe at the different reacting time, then 
filtered and kept for further high-performance liquid chromatography (HPLC) 
analysis. 
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 5.2.4 Morphology and Chemistry analysis  
  SEM analysis is performed using the JOEL-7401 system; XPS analysis is carried 
out using a Kratos Ultra system mentioned in previous chapters. An HPLC system 
(Waters Micromass Quattro Micro) equipped with a Waters Xselect CSH C18 (3.5 
um, 4.6x50 mm) column and a UV–vis detector was used to measure the triclosan 
concentrations at a detection wavelength of 235 nm. The mobile phase used for 
elution was deionized water (polar component) and acetonitrile (non-polar 
component) using reverse phase HPLC. Liquid mixture was delivered at 
1ml*min−1 through the column. Samples are stationed at an auto sampler tray and 
each time 50 µl of sample was taken for test. Column temperature was maintained 
at room temperature. For kinetic study, a calibration curve was performed in the 










5.3. Results and Discussion 
5.3.1 Attachment of nano catalytic particle: Palladium 
  Previous chapter we have discussed the Pd deposition on CNTCFC hybrid 
material, Figure 5.2 shows the SEM/TEM images of Palladium nanoparticles(Pd-
NPs) deposition on CNTCFC. From image 5.2b and 5.2c, the attachment of Pd is 
desired, and the high surface area carbon nanotubes have provided am excellent 
support for anchoring the PdNPs. It can be observed, first of all, the overall 
coverage of CNT onto the CFC support is complete, 5.2a showing the all surface 
of CFC is covered by CNT forest. 5.2b and 5.2c showed an even distribution of 
palladium nanoparticles on the support, the size of the palladium particles is 
measured based on the TEM images, moreover, from the TEM image, it can be 
seen that PdNPs are well attached to the CNT surface.  5.2c showed a detailed 
uniform distribution of the PdNPs on the hierarchical substrate. The diameter of 
the PdNPs was measured subsequently based on multiple groups of samples; 
diameter distribution was shown in Figure 5.3, the result shows an average 
diameter of PdNPs is 10.9 nm (± 0.97 nm).  The composition of the material 
obtained using EDS was shown the table 5.1 below. In comparison with the 
deposition on the bare fiber cloth, we can see for the bare fiber cloth; it's very 
difficult for the NPs to be deposited on, hardly NPs were observed from the SEM 
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or detected by EDS. This can be the reason for the surface sizing of CFC, the 
treated inert surface is almost unwettable, which may lead to the failure of step 
one of Pd deposition. While the CNT-CFC sample, the weight percent of the Pd on 
the sample is around 11 wt %, we can hence conclude the PdNPs can only be 
deposited onto the sample with grafted CNTs, and the Pd will stay only on the 
CNT surface, which agrees with the SEM observation. Hence, since the CNT on 
the sample is about 11%, and the Pd also holds an 11% weight percentage, 
resulting in a 1.3% of the overall material weight is composed of PdNPs. XPS 
analysis was also conducted, will be discussed in the later part of the chapter in 
order to compare the material chemical state before and after degradation test. 
  Furthermore, investigation of the PdNPs mass and surface area are calculated 
based on the observed palladium particle diameter; all palladium particle is 
assumed to be spherical. 
# 𝑜𝑓𝑃𝑑𝑁𝑃 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑚𝑎𝑠𝑠 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 = 𝑚𝑃𝑑/𝑀𝑃𝑑 ∗𝑁𝑎𝑣𝑜𝑔𝑎𝑑𝑟𝑜=7.35∗1019 /𝑔 








Figure 5. 2 SEM/TEM Micrographs of PdNPs synthesized on CNT-CFC 
hierarchical substrate  
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Figure 5. 3 Normalized PdNP diameter distribution histogram 
 
Table 5.1 The elemental composition obtained from EDS analysis of Pd-NPs 
fabricated on fiber cloth material 
Element weight percentage (wt%) 
 CFC  CNT-CFC 
C K 97.72 77.38 
O K 00.76 07.49 
Si K 00.14 03.76 




5.3.2 Catalytic reduction of triclosan via hierarchical hybrid material 
  Firstly, we compared the adsorption capability of different material for the model 
compound TCS, test was carried out in aqueous environment first, result is shown 
in Fig 5.4. Both carbon fiber cloth and CNT decorated CFC are not shown 
promising results, for the CFC, TCS was barely adsorbed onto the surface of CFC, 
a total of 1.5 ppm of TCS removal was observed (15% removal); meanwhile, as 
the CNTs are attached to the CFC, CNTCFC hybrid material showed an improved 
adsorption percentage, however, the overall adsorption percentage stays around 30% 
after the adsorption stabilizes in 2 hours, which is not disired. Additionally, since 
the concentration of triclosan is low in aqueous solution (solubility 10 ppm), the 
same adsorption test was performed in methanol, while the concentration of 
triclosan is increased up to 50ppm, shown in Fig 5.5, it was observed the similar 
amount TCS was removed by adsorption, for the CFC sample group, a total 
around 2 ppm (4%) removal was observed, and the CNTCFC counterpart shows a 
4 ppm (8%) removal. It can be seen that in organic solvent, TCS is easier to be 
adsorbed onto the adsorbate surface, however, in both cases, TCS removal is 
limited, an alternative approach for TCS removal is needed. 
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Figure 5. 5 Adsorption comparisons of TCS from different materials in 
methanol.  
  Degradation test results were given in Fig.5.6 below. From Fig 5.6a, 
dehalogenation was carried out in aqueous solution, it can be seen that the TCS 
will be completely removed within 10 mins, showing the hybrid material holds a 
very high efficiency of removing the contaminant. Also, it indicates that the 
degradation reaction of TCS using PdNP catalyst is carried with the aid of H2. A 
study by Nadagouda et. al. For degradation of TCS using Pd catalyst in ambient 
air conditions shows no significant removal of TCS using only a palladium 
catalyst [191]. Therefore, without the presence of both Pd and hydrogen gas, only 
the adsorption process happened. Unfortunately, this rapid removal won’t be able 
to provide too much information regarding the kinetics and degradation pathway, 
the calculated pseudo-first order rate constant shows a rate constant for TCS 
degradation in water is 0.9338 min-1, which is very high and might not be accurate. 
As a result, TCS in methanol with higher concentration was studied. 
  Fig 5.6b shows the result of TCS degradation in methanol environment, a 
detailed kinetic study was followed. From 5.6b, it can be obviously observed that 
the degradation process was finished throughout the two hours period, an over 97% 
removal was achieved. Same as the degradation in water, the degradation process 
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requires the presence of both PdNPs and hydrogen, otherwise the catalytic 
reduction reaction won’t happen. In comparison with the adsorption process, 
degradation is much quicker, more complete and efficient, even with TCS 
concentration increased up to 50 ppm, TCS can be removed completely in two 
hours. Pseudo-first-order rate constant was extrapolated from the catalytic reaction 
as shown before:   
 
  From the equation above, we can obtain a rate constant of 0.041 min-1. In 
comparison with the previous study, the table 5.2 below shows the result. If the 
rate constant is normalized by the amount of TCS and catalyst loading, we can see 
the rate constant will pass 100 mmol/min/g catalyst, which is two to three orders of 
magnitude higher than reported in the reference. From this comparison, it can be 
seen when catalysts are distributed on to the hierarchical support at nanoscale, the 
required mass of catalyst is reduced, but the capability and efficiency of TCS 
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Figure 5. 6 TCS catalytic degradation in a) aqueous environment, b) 
methanol environment 
Time (mins)
















































0.041 2.6 6.372 100.48 this work 
0.043 60 0.5 0.36 [223] 
0.0183 100 0.02 0.003 [191] 
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  The durability test is followed up to check the catalyst activity and poisoning for 
long term, result is shown in Fig 5.7. Catalyst activated carbon fiber cloth was 
kept inside the reactor for the whole time in solution, durability tests were carried 
out in both aqueous condition and methanol condition too, each cycle was taking 
two hours, which is the TCS complete removal time in methanol. Fig 5.7a shows 
the catalyst activity in aqueous environment, duo to the high efficiency and low 
solubility of TCS in water, all 4 repeats Pd-CNTCFC hybrid material is able to 
remove the TCS completely. Fig 5.7b shows the catalyst hybrid behavior in 
methanol, high concentration of TCS is desired to explore the limit of the catalyst. 
It can be seen that the removal drops from 97% to 85% after the 4th run, which 
shows the catalytic activity of the hybrid material is falling, however, this 
durability test shows the catalyst even after multiple runs of degradation, it still 
maintains a high percentage of TCS removal. This efficiency drop may cause the 
catalyst a longer time to fully remove the TCS after couple of runs, with enough 




Figure 5. 7 Stability and durability test of PdNP loaded CNTCFC hybrid 




5.3.3 Palladium catalyst chemistry analysis  
  XPS surface analysis was conducted to investigate the chemical state of the Pd-
CNTCFC hybrid material before and after the degradation, shown in Fig 5.8 and 
Fig 5.9. From Fig 5.8, survey scan and high resolved Pd 3d peak scan was 
performed. Survey scan shows the existence of carbon, oxygen and palladium, 
detailed high resolution scan of Pd observed the Pd 3d peak at 335.3 eV for Pd 
3d5/2 and 340.6 eV for Pd 3d3/2, which are peaks for metallic palladium 
nanoparticles. After the degradation, Pd-CNTCFC sample is retrieved from the 
solution, rinsed with DI water and air dried before XPS analysis. Fig 5.9 shows the 
survey scan and high resolution Pd scan shows similar result as Fig 5.8, Pd fine 
scan peaks shows the Pd 3d5/2 and Pd 3d3/2 are at 335.4 eV and 340.6 eV, no 
significant difference was found of the palladium before or after catalytic 













5.3.4 Degradation pathway study  
  Degradation of triclosan forms various daughter compounds. Liquid 
chromatography-mass spectrum(LC-MS) was employed to analyze the daughter 
compound from the reduction reaction. The daughter compounds include 
significant amounts of dechlorinated TCS. As the reaction proceeds, more 
daughter products were observed, the formation of trace amounts of other daughter 
products indicate further degradation of TCS. 
  In this study, heterogeneous liquid-phase degradation of TCS at ambient 
temperatures was accomplished. As mentioned earlier in context, only with the 
presence of PdNPs and hydrogen source, reduction reaction will happen. A 
timestamp tracing of daughter product was done to estimate the reduction path. As 
shown in Fig 5.10. From time 0, where the sample is as prepared TCS solution, 
shows a single peak at retention time of 10 mins, when sample was taken after 1 
hour reaction, multiple peaks were observed. Since the coupling reaction is 
replacing the chlorine with hydrogen, three chlorines are on the molecular, from 
the multiple peaks of the chromatogram, we assume the chlorine atoms get 
removed one after another, not all together, therefore there is intermediate 
compound existing during the process. From the qualitative LC, attempts were 
made to detect daughter product using LC-MS analysis. Table 5.3 shows the 
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possible daughter product from dehalogenation. From Fig 5.10. we can see there 
are three neighboring peaks around 8.6 mins and 7.6 mins, there can be assigned 
to the diclosan and monoclosan due to both chemicals have three isomers, thus 
lead to three peaks in chromatogram. A typical MS chromatogram is shown in Fig 
5.11, it can be seen from the LC-MS that throughout the whole degradation, all di-
chloro and mono-chloro intermediates are detected. Also, the LC-MS matched 
well with the HPLC chromatogram, for example, 5.11a shows a LC-MS extracted 
from time 9.81 mins retention time, which corresponds to the HPLC peak in Fig 
5.10, showing a molecular weight of 299.9 g/mol, similarly, 5.11b shows a 
extraction time at 8.6 mins, which corresponds to the three peaks in HPLC, which 
could be the isomers of diclosan. In this study, the LC-MS wasn’t able to 
successfully detect the final product 2-phenoxyphenol, therefore analysis 
technique was switched to GC-MS and successfully detected the final product 3-
phenoxyphenol, shown in Fig 5.10c. From the three HPLC peaks, there is 
significant evidence showing one isomer is the main intermediate, however, in this 
study, we are focusing on the hybrid catalyst capabilities of breaking down the 
triclosan compound, detailed structure study of intermediate isomers were not 
performed, which may require detailed NMR analysis. 
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Figure 5. 10 sample liquid chromatogram of TCS at different reaction time   
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Table 5. 3 Chemical information of Triclosan and Triclosan related daughter 
product 

















IUPAC ID: 3-chlorobiphenyl-2,2'-diol 






IUPAC ID: 2-Phenoxyphenol 
Molecular Weight: 186.21  
p-Chlorophenol 
Formula: C6H4ClOH 
IUPAC ID: 4-CHLOROPHENOL 




IUPAC ID: 1,2-benzenediol 




IUPAC ID: Hydroxybenzene 




IUPAC ID: Chlorobenzene 


















  Fig 5.12 shows a timestamp of the TCS degradation and intermediate/daughter 
product formation. From the timestamp curve (Fig 5.12) together with HPLC 
chromatogram (Fig 5.10), it can be seen that, before the reaction starts, the only 
compound detected is the triclosan itself, as the reaction starts, daughter product 
starts to form, chromatogram starts to change. As time passes, TCS goes through a 
gradual loss of chlorine one at a time, forming diclosan and monoclosan. Fig 5.12, 
the diclosan and monoclosan shows themselves peak at different reaction time, 
this can be explained as since the chlorine gets knocked out one at a time, diclosan 
was formed first and therefore peaked first. Soon, monoclosan becomes the major 
intermediate and peaks. At last, the sole peak in Fig 5.10 corresponds to the final 
product 2-Phenoxyphenol (purple line) in Fig 5.12, and all three chlorines were 
removed, it can be seen that from the beginning of the reaction and till the end, the 
amount of final product keeps increasing, and becomes the only remained 
compound after the degradation is accomplished, all reactant and intermediate 
were removed. A proposed pathway for the degradation of TCS is shown in Fig 
5.11. As mentioned earlier, this pathway is limited since the focus of this study is 
on the material side but not on the chemistry side, detailed isomer ratio 












Figure 5. 13 Proposed pathway of degradation   
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5.4. Conclusion  
  In this study, Pd-NPs were synthesized on vertically aligned carbon nanotubes 
attached to flexible carbon fiber cloth, forming a hierarchical architecture. 
Thermal oxidation of Pd-NPs in air forms oxidized palladium nanoparticles. XPS 
analysis shows that Pd-NPs were in metallic form, SEM shows an even distributed 
PdNPs attached to the CNTs. The palladium-based hierarchical structures were 
employed in water purification for removal of emerging contaminants, and 
triclosan was used as the model compound. The catalytic activity of this hybrid 
material was investigated, the result showing complete dechlorination of TCS. 
Compared with former studies, this new catalyst on hierarchical structures 
provides enhanced surface area and high efficiency. Therefore, this method 
provides a promising approach of creating robust material with the fully utilized 
surface and keeping the catalyst nanoparticles anchored onto the substrate from 
leaching into the environment. Moreover, this novel material shows higher 
efficiency and capabilities of contaminant removal. With its efficient, durable, 
environmental-friendly properties, it can be a future capable candidate for more 




Chapter 6: Use porous carbon support for stimuli responsive composite 
6.1 Introduction 
  Previous chapters, properties of CNTCFC hybrid material and the PdNP 
enhanced catalytic application were discussed. In reality, there are not only static 
water purification devices, but also dynamic scenario. In this case, fluid dynamics 
through the porous materials will be substantial [200]. Understanding of fluid flow 
in a confined area will therefore open the door to many real-world engineering and 
biological applications, such as petroleum engineering [201], catalyst carrier [202], 
ion transfer through ion channels [203,204], lubrication [205] etc. Fluid flow in 
confined area is determined by the pressure drop over a distance in the absence of 
gravity [206].  Darcy, H. (1856) was the first person described the fluid flow 
through porous structure [207]. He and Karumuri et al in this group connected the 
fluid flow behavior with CNT grafted RVC foam and CFC [208, 209].  It has been 
discovered the CNT grafted samples will be able to increase permeability of fluid 
(water in this case) flow by controlling the drag effect. 
  Smart polymers or stimuli-responsive polymers are macromolecules that can 
receive stimulus signals from environment, by making changes to their own 
molecular structure accordingly, and adjust into the environment [210, 211]. Such 
materials can be sensitive to different factors from environment, such as pH value, 
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temperature, humidity, light, gas or an electrical or magnetic field etc. Poly(N-
isopropylacrylamide (PNIPAM) is one such smart polymer which responds to 
temperature by changing its size and volume [212, 213]. When heated in water 
above 32 °C, which is its reversible lower critical solution temperature (LCST), it 
goes through a phase transition from a swollen hydrated state to a shrunken 
dehydrated state. This occurs because of a coil-to-globule transition. At room 
temperature (or below LCST), fluid flow through PNIPAM will be hindered or 
even blocked since PNIPAM will stay at swollen phase, however, at elevated 
temperature (or above LCST), PNIPAM will shrink and therefore impose 
minimum impact on the liquid flow, since the reinforcement material is high 
porous (CFC or RVC), fluid will be free to pass. 
  PNIPAM polymer gels can be synthesized using the monomer, a cross –linking 
agent, an initiator, and a solvent through free radical crosslinking polymerization 
[214]. This gel, when infiltrated into the porous carbon substrates, composite is 
prepared. These composites will have different porosities above and below the 
Lower Critical Solution Temperature (LCST) and hence can act as “Smart Valves” 
only allowing water above the LCST to flow through. With the help of CNTs, the 
composite is supposed to possess superior qualities like higher strength, faster 
responsiveness etc. To understand the flow mechanism, a steady- state flow 
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experiment was conducted to demonstrate the relationship between pressure drop 
(resistance of the water flow from composite) to flow velocity, in order to 
understand how material influences the flow passing through it while surface 
modification was applied. 
  In this work, the goal is to incorporate stimuli responsive polymers, as matrix, 
into the porous 3D carbon structures to form a robust and highly temperature 
sensitive composite. We are also trying to investigate how CNT attached carbon 




6.2.1 PNIPAM synthesis 
  The method used to prepare the PNIPAM gel is free radical crosslinking 
polymerization. One pot reaction is used. In this study, we are using PNIPAM as 
matrix to form composite. Two different porous carbon materials were chosen for 
composite: RVC foam and CFC, unfortunately, CFC material is not a good 
candidate for this “smart valve” system, since the PINIAM wasn’t able to infiltrate 
only into the whole material but also stay on the surface, in another word, 
wrapping the material. Therefore, further experiment (flow test) was only carried 
out on the highly porous RVC counterpart (97% porosity). 
There were certain differences in our method as compared to the method in 
reference [214]. They are as follows: 
•Inert Gas used : Argon instead of Nitrogen(lab grade, 99.99% purity) 
•Solvent Used : Ethyl Alcohol instead of 1,4- dioxane 
•Duration of Polymerization : 4 hours instead of 2 hours 
N-isopropylacrylamide is from , N-Isopropylacrylamide( ≥ 𝟗𝟗%)  from Sigma-
Aldrich. Ethyl alcohol used is lab grade, 200 proof, Fisher Scientific. 2,2′-
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Azobis(2-methylpropionitrile), 98% from Sigma-Aldrich. N,N’-
methylenebisacrylamide, 99% from Sigma Aldrich. Table 6.1 shows the chemicals 
used and their functions has been shown below: 
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Table 6. 1 Parameters of polymerization 
 
Chemical short name 
 
Chemical full name 
 
Function 
NIPAM N-isopropylacrylamide Monomer 
MBAm N,N’-methylenebisacrylamide Cross-linking agent 
AIBN Azobisisobutyronitrile Initiator of the free radical 
polymerization 




6.2.2 Background mathematical model and water filtration test 
  Darcy’s law, as refined by Morris Muskat, of fluid permeability is given in 




∆𝑃                                                        … … (6.1) 
where Q is the volumetric flow rate in ml/min; k is the permeability in m2; A is the 
cross-section area of porous medium in m2; ΔP is the total pressure drop in Pa; L 
is the length of the sample in m, µis the dynamic viscosity in Pa·s.  
  Proposed by Basak [217], there is flow regimes in porous media, moves from 
pre-laminar, laminar to turbulent as Reynolds number increases. Darcy’s law is 
restricted to laminar flow, or viscous flow with low Reynolds number. A 
Forchheimer term (inertial term) was added to the Darcy’s equation [218]. 









𝑞2                                               … … (6.2) 
where 𝑘′ is known as inertial permeability in m-1, q is the fluid velocity defined as 
the ratio of Q/A.  𝜌 is the liquid density in kg/m3, all other parameters remain the 
same. The focus of this work is on the material property influence on the flow, 
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therefore, flow is experimentally fixed at the laminar zone (Darcy zone). Equation 




                                                             … … (6.3) 
Where D is the diameter of the pipe in m, all other parameters remain the same.  
laminar flow occurs when Re < 2300 and turbulent flow occurs when Re > 2900 
[219], since the sample in this experiment is using RVC foam with 11.5 mm in 
diameter. Therefore, the flow rate is controlled at Q < 11.43 m3/s(6.8*108 ml/min) , 
which in our experiment, the machine is not able to pass this flow rate, as a matter 
of fact all flows are treated as laminar flow.  
The water filtration test is to measure the thermal responsiveness of polymer 
during water going through the carbon foam (RVC foam). Pressure difference is 
measured in order to monitor the process. The polymer is grafted on the porous 
carbon structure with or without CNT, the results are compared. 
  The water filtration test is to measure the thermal responsiveness of polymer 
during water going through the porous carbon material. Pressure difference is 
measured in order to monitor the process. The polymer is grafted on the RVC 
foam with or without CNT, the results are compared. Schematic illustration of the 
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in-house built pressure drop test setup is shown in Fig. 6.1. In this experiment, 
water volumetric flow rate (Q, ml/min) was controlled by master flex L/S (master 
flex 7518-10)] controller. A U-manometer was connected to the fluid with a T-
connected on the plastic tube. Pressure drop was measured by the manometer at 





Figure 6. 1 Schematic water flow set 
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6.2.3 Mechanical strength measurement 
  Standard ASTM compression [220] test was performed on three samples; an as 
received RVC foam, a PNIPAM composite with CNT and a PNIPAM composite 
without CNT. The setup of the compression test has been shown in Fig 6.2. The 
setup applied a compressive force on the composite and measured the value of 
compressive stress as well as compressive strain. The setup had a load cell which 
reported the force and the distance moved by the load cell was used to compute 
the compressive strain.  
 
 
Figure 6. 2 Setup for the compression test 
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6.3 Results and discussion 
6.3.1 Polymerization 
 
  PNIPAM carbon composite was successfully synthesized through a one-pot free 
radical reaction as mentioned earlier. After the polymer is synthesized, an optical 
microscope is used to check if the polymer has fully penetrated through the 
substrate and covers all empty pores of the RVC foam. As shown in Fig 6.3, the 
polymer has penetrated into the porous RVC foam completely, even sample was 
mechanically crushed, it still can be seen the polymer matrix is holding the foam 
strut. 
  Same polymerization synthesis on carbon fabric structure, unfortunately, the 
composite created was not be able to function as a thermal responsive valve but a 
structural composite. Therefore, further detailed tests were focused on the RVC 
foam structure only. In order to further understand the synthesis process, mass 
measurement was compared, result is shown in table 6.1. There is significant 
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evidence that with the growth of CNT on the RVC foam,  the amount (mass) of 
PNIPAM hydrogel is increased, which means better polymer permeation inside 
the support, which will consequently affect the thermal responsiveness of the 
composite itself, as well as the mechanical property of the composite. Since the 
composite was used in water flow test next, wet weight was measured. 
A simple temperature responsiveness test is done in order to check the PNIPAM 
behavior. Shown in Fig 6.4. Apparently, PNIPAM crosslinks when temperature 
reaches 39 degrees C, which is its lower critical solution temperature (LCST). 
Polymer under LCST is behaving a transparent hydrogel form, which means the 
majority of the polymer is at amorphous state, as soon as the temperature passes 
PNIPAM’s LCST, the polymer is not providing transparency property, which 






Table 6. 2 Mass measurement comparisons of composite of different support 
 Pristine RVC foam CNT grafted RVC foam 
Mass before polymerization (g) 0.0234 0.0263 
Mass after polymerization and 
hydrated (g) 
0.5264 0.6347 

















6.3.2 Fluid flow test 
  Firstly, a constant flow rate (Q = 100 ml/min) is applied to the flow set. In this 
case, PNIPAM-RVC sample was used for the thermal response of the composite. 
The pressure change in manometer was plotted against temperature, shown in Fig 
6.5. It is clear that the PNIPAM-RVC sample was behaving drastically different as 
the temperature was cooled down by adding tap water into the water reservoir. As 
the temperature drops, the coil-globule transition starts to happen, and the 
crosslinked PNIPAM gradually swells into the hydrogel form, which is proven by 
the increasing pressure change in the tube. The larger pressure change means the 
gradual “close down” of the pores on the RVC foam and vice versa.     
  In order to see the detailed behavior of the composite with different composition 
at different flow rate, two sets of tests were conducted. At room temperature (20 
oC), the behavior of different samples at different flow rate is shown in Fig 6.6. It 
can be easily noticed as the flow rate increases, polymer samples have a drastic 
pressure build-up, beyond 50 H2O, the detection limit of manometer is reached, 
therefore no more data points could be collected. This is because at room 
temperature, PNIPAM stayed at expanded coil state, all pores on RVC and 
CNTRVC samples are closed. No water could be able to pass through the valve. 
The orange dashed line and green dotted are representing the CNTRVC and 
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pristine RVC samples, respectively. It can be also observed the both samples are 
showing a linear pattern of the pressure drop as a function of time, which has good 
agreement with Darcy’s law at laminar flow region. One thing needed to be point 
out is the CNTRVC sample has a higher pressure drop than its counterpart 
(pristine RVC), this is the due to the porosity reduction by CNT attachment. 
  On the other hand, at elevated temperature (50 oC), 4 samples: RVC, CNT-RVC, 
PNIPAM-RVC, PNIPAM-CNT-RVC were studied and result is plotted in Fig 6.7. 
It can be seen all 4 samples are having a similar linear pattern as the flow rate 
increases, because PNIPAM is above its LCST, the whole structure is no longer at 
expanded coil state but at contracted globule state. According to Darcy’s law, 
permeability’s reciprocal is a linear to the pressure drop. Linear fitting is applied 
to all sets of data. Corresponding permeability is calculated based on equation 6.1, 
results are shown in Table 6.3 below. Obviously, the RVC media has the best 
permeability due to its large porosity, and PNIPAM-CNT-RVC sample has the 
lowest permeability due to the crosslinked polymer is attached to the CNTs 
throughout the whole material. CNT-RVC and PNIPAM-RVC samples have 
similar permeability, but still the polymer sample is providing slightly higher 
number, this can be from either experiment error or, the crosslinked polymer gel is 
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soft comparing with the rigid CNTs which could providing larger fluid channels 




Figure 6. 5 Thermosensitive valve response on the temperature of constant 





























Figure 6. 6 Pressure drop as a function of volumetric flow rate at room 
temperature 
 
volumetric flow rate ( ml/min)






























Figure 6. 7 Pressure drop as a function of volumetric flow rate at elevated 
temperature (50 oC) 
 
Table 6. 3 Permeability of different materials 
Sample  Fitted linear coefficient Calculated permeability (m2) 
RVC 0.0093 107.53 
CNT-RVC 0.0114 87.72 
PNIPAM-RVC 0.0106 94.34 
PNIPAM-CNT-RVC 0.0179 52.63 
   
volumetric flow rate (ml/min)





























6.3.4 Mechanical testing 
  From the compression test, stress vs strain curve was plotted from three different 
samples: pristine RVC, PNIPAM-RVC composite and PNIPAM-CNTRVC 
composite, shown in Fig 6.8. This curve clearly shows that the mechanical 
strength of the composite with CNT is greater than the composite without CNT, 
which is in turn both composites exhibit much greater compressive strength than 
the that of as received RVC foam. RVC foam shows an ultimate compressive 
strength around 160 kPa and fractured, with 5% deformation. Meanwhile, the both 
composites didn’t fracture up to 30% strains. It can be seen than the CNT attached 
composite has a very high modulus from the elastic zoom, for 10% deformation, 
CNT attached composite requires a stress around 250 kpa while the RVC only 
composite only takes 150 kPa, this is significant evidence that the integrity of the 
composite will hold better if CNT was introduced to the system, which can be 
explained as via the introduction of CNT, the interfacial strength and toughness at 
the phase boundaries between the matrix and reinforcement material is improved, 










  Temperature responsive polymer, PNIPAM (Poly(N-isopropylacrylamide)) was 
prepared on carbon substrates to form composites. The carbon substrates used 
were either as received RVC (Reticulated Vitreous Carbon ) foam or CNT(carbon 
nanotubes ) grafted RVC foam. Preliminary tests were conducted to measure the 
strength, thermal responsiveness and polymer retention of the two composites and 
the results showed that the CNT grafted RVC foam had superior strength, faster 
thermal response and greater polymer retention (further tests are required to 
confirm these facts). These composites were tested for their application as “Smart 
Valves” which allow water only above a particular temperature to pass through 








  In this dissertation, the research interest lies on the investigation of a noval 
functional hierarchical material for next generation fluid purification devices. 
Flexible and porous woven carbon fiber cloth was used to fabricate hierarchical 
structure by grafting carbon nanotubes (CNTs) via a two-step chemical vapor 
deposition technique. Nanotubes were successfully grown on to the 2D 
networking woven fiber cloth, using optimized CNT growth parameters from 
previous studies. In depth investigation of surface properties of these types of 
hierarchical materials were performed. Longer CVD runtime will linearly increase 
the CNT carpet length. This type of hierarchical morphology provides the 
capability of increasing surface area by several orders of magnitude, as well as 
tuning the morphology for targeted applications by varying the growth time of the 
CNT array. Analytical model using surface morphologies to estimate the specific 
surface area (SSA) of CNT arrays on porous structures were developed using input 
from two experimental methods: microstructural analysis and weight gain method. 
It was seen that SSA can indeed be tuned by this process, and several orders of 
magnitude increase is possible. The SSA increase matches well with BET 
measurements and reported surface adsorption data, indicating that the surface 
functionality of individual nanotubes are retained in this multiscale architecture. 
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Moreover, the good agreement of those two methods can bring confident 
estimation of the future properties of the material.  
The surfaces were modified with silicon oxide coatings via sol gel method using 
a silica precursor solvent. Secondary, microstructural analysis, and spectroscopic 
studies showed that the individual CNT were indeed coated with amorphous silica. 
The layers are not very uniform, however, and there is scope for future 
improvement to control coating uniformity. Water contact angle measurements 
were made to understand the wettability and water permeation behavior of these 
surface modified materials. It was seen that those surface modification techniques 
can tune the material from hydrophobic to hydrophilic back and forth. 
An engineering property that will depend on surface-liquid interaction is water 
flow. A stimuli-responsive polymer PolyN-isopropylacrylamide (PNIPAm) was 
prepared via polymerization on the CNT grafted RVC foam. Preliminary tests 
were conducted to measure the strength, thermal responsiveness and polymer 
retention of the two composites and the results showed that the CNT grafted RVC 
foam had superior strength, faster thermal response and greater polymer retention 
(further tests are required to establish these facts). These composites were tested 
for their application as “Smart Valves” which allow water only above a particular 
temperature to pass through them. 
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  CNT grafted carbon fiber cloth was further functionalized with palladium 
nanoparticles(Pd-NPs) capable of organic pollutant removal and water purification. 
SEM, XPS, EDS analysis were applied indicating the Pd-NPs were evenly 
deposited with complete converage. This palladium modified hierarchical 
structures were further employed in removal of model organic contaminant 
triclosan. With the presence of hydrogen source, the reduction Dechlorination 
reacts rapidly. Kinetic studies and daughter product identification was done 
showing dechlorination was complete.  
The catalyst particles on the hierarchical structures can provide very high surface 
activity from a compact material. This study therefore shows that anchoring 
carbon nanotube carpets on woven fiber cloth substrates may be a very promising 
approach to create flexible solid devices that fully utilize the surface area benefits 
of carbon nanotubes without dispersing loose nanomaterials into the environment. 
This flexible architecture proves to be effective for water purification, which 
makes it reusable and eco-friendly as the nanoscale particles and CNT are 





  During the research investigation, issues had been discovered in some areas. 
There are portions of study can follow up this investigation are mentioned below:  
 
➢ Stimuli-responsive polymer and carbon materials incorporation, in this 
study only preliminary studies have been accomplished showing the 
possibilities of “smart composite”. Due to the advantageous properties such 
as lightweight but high strength of CNTCFC hybrid material, if the 
infiltration and dispersion issues are solved, a flexible stimuli responsive 
composite is possible. 
➢ Palladium hydrogen absorbing and storage abilities can be explored further. 
This work has shown the excellent capabilities of Pd catalytic activity for 
chlorinated emerging contaminants, tougher compounds such as fluorinated 
chemical (Perfluorooctanoic acid, PFOA) could be considered.  
➢ CNT has shown itself a good candidate for nanoparticle supports, different 
nanoparticles could be synthesized and assembled onto this robust hybrid 
material for specific application, especially a surface sensitive application is 
desired. This CNTCFC hybrid material could be a solid support for 
chemical sensors and biosensors. 
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A      Absorption 
T      Transmission, T = I/I0 
I0      Intensity of the light going to the flow cell 
I       Intensity of the light that has passed the flow cell 
ε       extinction coefficient: how strong does a specific substance absorb light 
c       concentration of the substance 




Stock solution: 1 mg/ml(1000 ppm). 
• Weigh 53.2 mg of the standard (97%), dissolve in MeOH, adjust the 
volume to 25 ml, giving the final concentration at 2.07 mg/ml. 




Solution  Stock MeOH 
Concentration 
(ppm) 
235 nm Area 
(mAu*sec) 
202 nm Area 
(mAu*sec) 
1 1 0 20.7 595.4 2183.3 
2 0.7 0.3 14.49 418.1 1481.7 
3 0.4 0.6 8.28 233.5 822.3 
4 0.2 0.8 4.14 129.9 431.0 
5 0.1 0.9 2.07 76.3 233.6 





Column: waters Xselect CSH C18 3.5 um, 4.6x50 mm, part #: 186005267 










0 1 70 30 
2 1 70 30 
8 1 10 90 
10 1 10 90 





UV at 235 nm or 202nm 
















Standard curve calibration 
 
 










0 5 10 15 20 25
Area at 235 nm UV








0 5 10 15 20 25
Area at 202nm UV
